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^ ; ABSTRACT 

i-Q . Aims. We have discovered a strong lensing fossil group (J0454) projected near the well-studied cluster MS045 1-0305. Using the large 

^ ' amount of available archival data, we compare J0454 to normal groups and clusters. A highly asymmetric image configuration of the 

Mh ' strong lens enables us to study the substructure of the system. 

, Methods. We used multicolour Subaru/Suprime-Cam and CFHT/Megaprime imaging, together with Keck spectroscopy to identify 

■ member galaxies. A VLT/F0RS2 spectrum was taken to determine the redshifts of the brightest elliptical and the lensed arc. Using 
HST/ACS images, we determined the group's weak lensing signal and modelled the strong lens system. This is the first time that a 
fossil group is analysed with lensing methods. The X-ray luminosity and temperature were derived from XMM-Newton data. 
Results. J0454 is located at z = 0.26, with a gap of 2.5 mag between the brightest and second brightest galaxies within half the virial 
radius. Outside a radius of 1 .5 Mpc we find two filaments extending over 4 Mpc, and within we identify 3 1 members spectroscopically 
and 33 via the red sequence with ; < 22 mag. They segregate into spirals (cr,, = 590 km s"') and a central concentration of ellipticals 

(— I ' ((T,, = 480 km s"'), establishing a morphology-density relation. Weak lensing and cluster richness relations yield consistent values of 

^ ^, ^200 = 810 - 850 kpc and M200 = (0.75 - 0.90) x IO'^'Mq. The brightest group galaxy (BGG) is inconsistent with the dynamic centre 

I . of J0454. It strongly lenses a galaxy at z = 2. 1 ± 0.3, and we model the lens with a pseudo-isothermal elliptical mass distribution. A 

O ' high external shear, and a discrepancy between the Einstein radius and the weak lensing velocity dispersion requires that the BGG 

^ ' must be offset from J0454's dark halo centre by at least 90 - 130 kpc. The X-ray halo is offset by 24 ± 16 kpc from the BGG, shows 

C/3 , no signs of a cooling flow and can be fit by a single /3-model. With Lx = (1.4 ± 0.2) x 10"*^ erg s"' J0454 falls onto standard cluster 

■ scaling relations, but appears cooler (T = 1.1 ±0.1 keV) than expected (T ~ 2.0 keV). Taken all together, these data indicate that 
J0454 consists of two systems, a sparse cluster and an infalling fossil group, where the latter seeds the brightest cluster galaxy. An 

_ ' alternative to the sparse cluster could be a filament projected along the line of sight mimicking a cluster, with galaxies streaming 

^ , towards the fossil group. 

, Key words. Galaxies: clusters: individual: J0454-0309, Galaxies: formation. Galaxies: evolution. Gravitational lensing: strong, 

00 . Gravitational lensing: weak 

o ■ 

CN 1. Introduction 
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T— I , * This work is based on data collected at the Subaru Telescope, which In a ACDM cosmology galaxies acquire mass mostly through 

■ is operated by the National Astronomical Observatory of Japan; based ^^^j. merger events, where one galaxy has 0.3 times or less 

■ on observations obtained with MegaPrime/MegaCam, a joint project ^^^^ its collision partner. Only the most luminous ellip- 
of CFHT and CEA/DAPNIA, at the Canada-France-Hawan Telescope , , • • • . • .u • u- . 

■ >i u- u ■ . J u T.T ir. 1/1.1X1,-^ r tical galaxies experience a maior merger event m their history 

,^ (CFHT) which IS operated by the National Research Council (NRC) of rr — = Ji ^, , • 

^ Canada, the Institut National des Sciences de I'Univers of the Centre dParry et alj | 2009|) . The growth of lai'ge elliptical systems is fa- 

■ ■ National de la Recherche Scientifique (CNRS) of France, and the cihtated particularly well in the low-velocitiLenvironments of 

University of Hawaii; based on observations made with ESO Telescopes galaxy groups where dynamical friction dChandrasekhar 1 943t 

at the La Silla and Paranal Observatories, Chile (ESO DDT Programme iNusser & Sheth 1999) is very efficient. This effect increases with 

282.A-5066); based on observations made with the NASA/ESA Hubble the mass of the infalling galaxy and is higher for lower velocities. 

Space Telescope (programme #9836) obtained at the Space Telescope In this way galaxies cool down into the group or cluster core. 

Science Institute, which is operated by the Association of Universities losing their gas through ram-pressure sti'ipping along the way 

for Research in Astronomy, Inc., under NASA contract NAS 5-26555; (Quilis et al. 2000). At the sa me time t hey un der go slower mor- 

based on observations obtained with XMM-Newton, an ESA science phological transformations ( Parrv et alJ2009i:IScannaDieco et al.1 

mission with instruments and contributions directly funded by ESA ^rvrvnx 1 j- ^ r r j • »i, ■ 

, . J xTAOA u J J . 1,. ■ J . ^irivj ij- 1 2009), leading to the formation of the red sequence in the in- 
Member States and NASA; based on data obtained at the W.M. Keck . ^.'^ . , r , . , r ■ ■ , 
Observatory, which is operated as a scientific partnership among the "^i" I'^gi""' The time scale for dynamical friction depends on the 
California Institute of Technology, the University of California and the mass of the infalling galaxy and its distance from the core. For 
National Aeronautics and Space Administration. The Observatory was the most massi ve galaxies (~ 10 'Mp) it is as short as a few Gyrs 
made possible by the generous financial support of the W.M. Keck (Nath 2008; B ovlan-Kolchin et al.l l 2008l) . implying that large el- 
Foundation, liptical galaxies in groups can already accur at early times. 
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Several mechanisms for the formation of BCGs (the bright- 
est cluster galaxies) have been suggested, ranging from galac- 
tic cannibalism and cooling flows to merger p rocesses during 
cluster collapse (see Ivon der Linden et al ] l2007i and references 
therein). Elliptical galaxies growing in this fashion should be lo- 
cated at the centre of the gravitational potential, and their re- 
cession velocity should match the mean of the radial velocities 
of the other cluster members for virialised systems. Recently, 
ISkibba et al] (|2010|) have shown that in ~ 40% of aU haloes of 
mass ~ 5 X 10'-' /ziooMq the BCG is not the central galaxy, fal- 
sifying this paradig m. This was also demonstrated for clusters 
with higher masses ('Oegerl e&Hiill200Tl: l von der Linden et al.l 
12007 ). Most of these analyses have in common that the centre of 
the halo is identified by the distribution centre of elliptical galax- 
ies or, more rarely, by the X-ray centroid or weak gravitational 
lensing. Either of these methods has advantages and disadvan- 
tages, for instance, they can be hampered by small numbers of 
galaxies, low X-ray S/N or projection effects. In this paper we 
are in the lucky situation that a strongly lensed galaxy let us put 
tight constraints on the dark matter halo centre, and in this way 
show that the BCG is not located at the minimum of the poten- 
tial. We conclude that the BCG was formed outside the cluster 
in a nearby group, which is now falling into the cluster. 



1.1. Fossil groups 

Contrary to the quick dynamical collapse of galaxy groups, 
the cooling times for thei r X-ray haloes are comparable to one 
or several Hubble times (ISarazinlll988l) . This can lead to iso- 
lated giant elliptical galaxies, embedded in X-ray haloes with 
luminosities characteristic f or entire galaxy groups. Such ob- 
jects exist in the Universe (IVikhlinin et alj [l999i) . either iso- 
lated (lYoshioka et al.ll2004|) or surrounded by groups of less lu- 
minous satellite galaxies (Jones et alj l2003t [Khosroshahi et al.' 
[2006b; La Barbera et al. 2009). O ne o f the first systems has 
been reported by Ponman et al. J 19941) coining the term 'fos- 
sil group', and .Jones et al., (,20031) have introduced general se- 
lection criteria. Accordingly, the galaxies must be embedded in 
an extended X-ray halo with Lx > lO'^^/i^g erg s"', integrated 
over the 0.5 - 2.0 keV range. In addition, the central elliptical 
galaxy must be Am™" > 2 mag brighter in 7?-band than the sec- 
ond brightest galaxy (independent of morphology) within half 
the virial radius. This magnitude gap is motivated by the ac- 
cretion of L» -galaxies in the inner volume, which are then ab- 
sent in the gr oup's luminosity function. Current observational 
samples (e.g. Khosroshahi et al.l l2007t iLa Barbera et a 
IVoevodkin et al.1 12010') are largely based on this defi nition, and 
so are simulations (von Be nda-Beckmann et al.ll2008l) . 

The selection criteria by I Jones et al ] (I2003h have been re- 
laxed in the course of systematic searches. ISantos et al.l (l2007h 
have favoured a fixed radius of 0.5 h^o Mpc within which 
the magnitu de gap must hold, ind ependent of the cluster's 
virial state. iVoevodkin et al.l (1201 Oh adopt 0.7 rgoo ~ 0.4 rvi,, 
with rsoo being calculated from the group's X-ray luminosity. 
Similar relaxations have been adopted for the magnitude gap. 
[Milosavljevic et al. (2006) and La Barbera et al. (2009) show 
that there is no sharp transition in the magnitude gap of galaxy 
clusters, hence th ere is no phy sical motivati on for a particu- 
lar num eric value. Fv^evodkin et a l. (2010) and lLa Barbera et al] 
(|2009) favour smaller gap sizes of Aot V^'" - 1 .7 a nd 1 .75 mag, re- 
spectively. According to Voevodkin et al.l (1201 Ol) the gap should 
not be too strict a requirement, as the determination of the total 
magnitude of very extended galaxies is not trivial. 



As for the format i on o f the magnitude gap, 
Ivon Benda-Beckmann et a D (120081) have found in simula- 
tions that it usually arises at redshifts < z < 0.7, after the 
haloes assembled half of their final mass at 0.8 < z < 1.2. 
Thi s is significantly earlier than the formation of normal groups 
(Da riush et al.l2007l) and leads to increased NEW dNavarro et al.l 
1997) concentration parameters. Accordingly, the last major 
merger in the simulated fossil groups took place more than 
6 Gyrs ago for more than 50% of the galaxies. Most of the 
magnitude gaps are closed at later (current) times when more 
infall of satellite galaxies occurs. 

The exact formatio n process of foss ils is not yet entirely un- 
derstood. Eor example, lYoshioka et al.l (12004.) observe mass-to- 
light ratios as high as 1000, which are difficult to explain if these 
galaxies assembled their mass only through dynamical friction. 
Another uncertainty lies i n the type of the galaxies f rom which 
the giant elliptical forms. iKhosroshahi et alJ (l2006bl) argue that 
their disky isophotes indicate gas-rich mergers, which would 
distinguish these galaxies from the BCGs in normal clusters. 
These tend to show more boxy isophotes from gas-poor merg- 
ers. However, La Barbera et al. (2009) do not find a preference 
for either disky or boxy shapes in their larger sample. They have 
argued that fossils merely represent a transitional state in the last 
stages of mass assembly than a class of their own. 

While the formation process of fossils is still a matter of 
debate, their occurrence is not. About 10% - 20% of all X- 
ray luminous groups and clusters have fossil cha racter (e.g. 
iJones et al.ll2003t Ivon Benda-Beckmann etani2008h . with typ- 
ical masses of 1 - 10 X lO'^Mo. However, fliey are difficult to 
identify observationally. Only a few dozen systems are known 
so far, mostly extra cted from large-area surveys such as SDSS 
(ISantos et al.ll2007t iLa B arbera et al. 2009) or the 400D cluster 
catalogue (IVoevodkin et al.ii2010) . The last authors discuss var- 
ious difficulties in the selection process, in particular complete- 
ness and problems in the accurate determination of the magni- 
tude of the brightest galaxy. In general, the observationally de- 
termined abundances of fossil groups agree with those predicted 
by simulations. However, in terms of absolute numbers samples 
are systematically incomplete since the second brightest galaxy 
can be at a sufficiently large physical distance from the centre 
and still appear projected onto the inner volume. Assuming that 
all galaxies are within the virial radius and follow a radially sym- 
metric distribution, we estimate that 20% (25%) of all fossils are 
overlooked for rmin - 0.4 (0.5) ryir due to this effect. 

Almost all of the few dozen fossil groups known were 
discovered and analysed based upon comparatively shallow 
optical and/or X-ray survey data. In general the observational 
data are poor compared to what are available for normal 
clusters. Only a few fossils were investigated in detail, 
such as ESQ 306 0170 (Sunetal. 2004), RXJ155Z2+2013 
(iMerides d e Oliveira et al. 2006), RXJ1416.4+2 315 dJories et al.1 
120031: ICvpriano et al. 2006; Khosroshah i et al.1 l2006alK 
CL0259-H0013 (Voevodkin^^ 120 IQ) or UGC 842 
(Lopes de Oliveira et al.. .20101) . For a comprehensive com- 
parison with normal groups and clusters a systematic deep 
survey of a larger number is needed. 

In this paper we present our analysis of J0454. 0-0308 (here- 
after: J0454), a fossil group at z = 0.26. It is projected 8' south 
of the well-known cluster MS045 1-0301 (hereafter: MS0451, 
z - 0.54), thus a large amount of archival data are available for 
our analysis. J0454 consists of at least 60 galaxies and was iden- 
tified by us in Subaru/Suprime-Cam images. It is dominated by a 
giant elliptical galaxy (hereafter: E0454), which strongly lenses 
a distant background source. We use Subaru/Suprime-Cam and 
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Fig. 1. Pointings of the imaging data sets. The positions of the 
fossil group J0454 and the background cluster MS0451 are 
shown as well. 



CFHT/MegaPrime for photometry, XMM-Newton to study the 
intra-cluster gas and HST/ACS for the weak and strong lensing 
analysis. The imaging data (see Fig.[T]for an overview) are com- 
plemented by VLT and Keck spectroscopy. 

1.2. Terminology and assumptions 

In this work we present evidence that J0454 is composed of a 
poor cluster and an infalling fossil group. We refer to the global 
system as J0454, but also to the cluster without the fossil group. 
The latter distinction is only made in Sect. 8 when we discuss 
the results. E0454 is the brightest galaxy of the system. 

The paper is organised as follows: In Sect. 2 we describe the 
imaging and spectroscopic data provided this was not done else- 
where. In Sect. 3 we study foreground and background contam- 
ination and select a red cluster sequence in colour-colour and 
colour-magnitude space. In Sect. 4 we investigate the galactic 
content of the system, establish a morphology-density relation 
and obtain the velocity dispersions of early- and late-type galax- 
ies. We use virial properties and the size-richness relation for 
an estimate of r2oo- In Sect. 5 we present the X-ray results, fol- 
lowed by our weak and strong lensing analysis in Sects. 6 and 7. 
We discuss our findings in Sect. 8 and summarise in Sect. 9. 

We assume a flat standard cosmology with Q,„ = 0.27, 
Qa = 0.73 and Hq = 70/1 km s"' Mpc On occasion we re- 
fer to relations from the literature with parameterisations Hq - 
lOO/iioo km s"' Mpc"' or Hq - 50/i5o km s"' Mpc"'. To avoid 
confusion we quote them as published originally, indexing h 
accordingly. X-ray luminosities are reported for the 0.5 - 2.0 
keV range, and optical luminosities are given in solar units. The 
relation between angular and physical scales at z = 0.26 is 
1' = 243/?"' kpc. All numeric values quoted for physical dis- 
tances in J0454 must be scaled with /;"'. Magnitudes are re- 



ported for both the Johnson-Cousins and the Sloan passbands 
and denoted with uppercase and lowercase letters, respectively. 
All error bars represent the Icr confidence level. 

2. Observations and data reduction 

2.1. Subaru/Suprime-Cam and CFHT/Megaprime data 
reduction 

We serendipitously discovered J0454 in deep Subaru/Suprime- 
Cam (Miyazaki et al. 2002) images of MS0451. The data were 
reduced with THELC](Erben et al. 2005), our pipeline for the re- 
duction of wide-field optical and near-infrared images. In the fol- 
lowing we summarise those aspects where our reduction scheme 
deviated significantly from the standard approach. 

Images were taken in nine different nights during six peri- 
ods between 2001-01-22 and 2006-12-21 (Pis: H. Ebeling, N. 
Yasuda, G. Kosugi). Suprime-Cam consists of 10 CCDs, cover- 
ing 34'x27' with 0'.'202 per pixel. In 2001 Suprime-Cam had one 
broken CCD and individual gain settings. The defect CCD and 
three others were replaced, and the gains were homogenised and 
refined once more another year later. We brought all chips to the 
same gain and then performed the standard pre-processing in- 
cluding debiasing, flatfielding, superflatting, defringing, and sky 
subtraction. The data were astrometrically calibrated with Scamp 
(Bertin 2006) and then stacked. Since images were taken with 
two different sky position angles we could recover areas initially 
lost due to blooming. The data did not allow for correction of 
scattered light in the flat fields, for which e xtensive dithering of 
photometric standard fields is required (see Manfroi d & SelmanI 
[2001; .Magnier & Cuillandre 2 004; Koch et al. 2004,) . 

We complemented the BVRIz Subaru/Suprime-Cam data 
with u*griz CFHT/Megaprime images, which improves the 
photometric redshifts as a result of the presence of M*-band. 
The CFH T/Megaprime data were pre-reduced using ELIXIR 
(iMagnier & Cuillandre.2004) at CFHT, including corrections for 
scattered light of the order of 0.1 mag. The remaining processing 
was done with THELI following 'Erben et al.' (2009). The prop- 
erties of the coadded images are summarised in Table [1] 

2.1.1. Catalogue creation 

Object detection and p hotometry was done using SExtractor 
(iBertin & Arnoutslll996) in double image mode. We stacked all 
exposures in all filters of one camera with an image seeing of 
less than I'.'O, obtaining a deep noise-normalised detection im- 
age. Coadded images in the different filters were convolved to 
a common seeing of 0'.'95, ensuring that the object flux in each 
waveband was integrated over identical apertures. We kept ob- 
jects with at least 5 connected pixels with S /N >2 each. 

The Subaru/Suprime-Cam data were only partially taken 
in photometric conditions, with zeropoint variations of up to 
0.1 mag in other nights. We tied the photometric z-band im- 
age to CFHT/Megaprime data taken in the same filter. The 
other Subaru/Suprime-Cam zeropoints were inferred by compar- 
ing the fluxes from non-saturated stars, measured in 3" wide 
apertures, against the Pickle s (1998) library (for details see 
lErben et ^ l2009h . We took into account filter transmission, 
quantum efliciency, and the combined mirror reflectivity and 
corrector throughput (Table |2] S. Miyazaki, priv. comm.). The 
photometric calibration of the CFHT/Megaprime data was taken 
from the ELIXIR headers. The zeropoints of both data sets were 
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Fig. 2. Comparison of photometric and spectroscopic redshifts. 



ultimately fine-tuned during the calculation of the photometric 
redshifts based on several hundred calibration spectra (see Sect. 
|2T2] |. 



2.1.2. Photometric redshifts 

We need photometric redshifts for the weak gravitational lens- 
ing analysis in Sect. |6] mainly to distinguish between lensed 
background and unlensed foreground galaxi es. The photomet- 
ric red shifts were obtained as outlined in iHildebrandt et al.l 
(120091) for all objects in the catalogues (see Sect. 12.1. Il l and 
calibrated against 774 and 493 spectroscopic redshifts from 
[Moran et al. (2007 ), for CFHT and Subaru, respectively. Notice 
that iMoran et al.l (|2007|) obtained spectroscopic redshifts for a 
total of 1562 sources in the field of view of MS0451. We per- 
formed the phot-z calibration using only those spectra of sources 
with photometric errors smaller than 0. 1 mag in all bands. In de- 
tail, we fix the redshifts of the corresponding galaxies to their 
spectroscopically determined values. The magnitude differences 
between the best-fit templates and the observed photometry then 
yield the zeropoint corrections, in the range of 0.02 - 0.09 mag 
for CFHT and 0.04 - 0.18 mag for Subaru. The correlation be- 
tween photometric and spectroscopic redshifts is shown in Fig. 
|2] for both data sets, using a confidence limit (ODDS parame- 
ter) higher than 0.8. Due to the lack of M-band data the Subaru 
photo-zs are highly unreliable for z < 0.3, moving a significant 
fraction of lensed galaxies into the unlensed foreground sample. 
The CFHT data are much better in this respect, but shows 2-3 
times as much scatter for z > 0.6 and fails for fainter galax- 
ies due to inferior depth in /- and z-band. The accuracy of the 
photo-zs is cr ~ 0.040. 

We run both data sets simultaneously through the photo-z 
process but found the results to be significantly worse than the 
photo-zs obtained separately for CFHT and Subaru. This is due 
to different PSF characteristics of the two data sets which could 
not be homogenised sufficiently, and in particular due to the fact 
that the Subaru data could not be corrected for scattered light 
in the flats, resulting in inconsistent magnitudes across simi- 



Table 1. Summary of the Subaru/Suprime-Cam and 
CFHT/Megaprime data. The limiting AB magnitudes (50% 
completeness limit) are for lOcr point sources, and are on 
average 0.8 mag brighter for extended objects. 



Telescope/Instrument 


Filter (abbr.) 




Seeing 




Subaru/Suprime-Cam 


WJB (B) 




a.' 82 


26.7 


Subaru/Suprime-Cam 


WJV (V) 


5040 


0'.'95 


26.0 


Subaru/Suprime-Cam 


WCRC (R) 


11400 


0'.'83 


26.6 


Subaru/Suprime-Cam 


WCIC (/) 


4920 


a' 92 


25.9 


Subaru/Suprime-Cam 


WSZ (z) 


4380 


a' 76 


25.1 


CFHT/Megaprime 


u* 


5220 


a.' 87 


25.7 


CFHT/Megaprime 


8 


3400 


a.' 85 


26.0 


CFHT/Megaprime 


r 


14850 


a.' 71 


26.2 


CFHT/Megaprime 


i 


1280 


^.'71 


23.7 


CFHT/Megaprime 


z 


1440 


a.' 70 


22.4 



Table 2. Combined Subaru mirror reflectivity and corrector 
throughput 



Wavelength [A] 


Throughput 


4450 


0.774 


5500 


0.828 


6590 


0.828 


7710 


0.791 


9220 


0.765 



lar passbands. We therefore created a composite photo-z cata- 
logue in the following manner We took the CFHT estimate if 
<= 0.4 and the average if both estimates are between 



CFHT 
^phot 



0.4 and 0.7. The remaining galaxies were split in two groups. 
The first is formed by galaxies for which the Subaru redshift is 
higher than 0.7, and we assigned them this estimate. Galaxies 
in the second group, with ZpHof™ <= 0.7 and z^™'^ > 0.4 got 
either the CFHT or the Subaru redshift assigned, depending on 
which one has higher confidence. Ultimately, the redshifts were 
transformed into relative lensing strengths. 



y8 = 



D(zi,Zs) 
D(0,z,)' 



(1) 



where D(zi,Z2) is the angular diameter distance between two 
sources at redshifts z\ and zi, and z\ and Zs are the lens and source 
redshifts, respectively. See Sects. 12. 2l andl6lfor more details. 

2.2. HST/ACS imaging and sinear catalogue 

For the weak lensing measurements and the strong lens mod- 
elling we rely on wide-field imaging with HST/ACS through the 
F814W filter (PI: R. ElHs). The data consist of 41 single orbit 
pointings of 2036s each, covering a continuous area of 19 ' x 19 ', 
and was reduced according to Schrabback et al. (2007, 20091) . 
An extensive descripti on of our sh ape measurement pipeline 
is given in iSchrabback et al. I (l2009l) . In the following we sum- 
marise the main characteristics. 

The shear catalogue is based on SExtractor 
dBertin & Arnouts I 1996) detections, for which we required 
a minimum number of 8 connected pixels with S/N > 1.4 
each after filtering with a 5 x 5 pixel wide Gaussian kernel. 

The object catalogue created in this manner was then fed into 

' II < 

our implementation (see Erben et al. 2001) of the KSB method 

(Kaiser etal. 1995; Luppino & Kaiser 1997; Hoekstra et al] 

1998|) for t he shape measure r nent, a dapted for HST/ACS as 

detailed in ISchrabback et all (l2007l l2009l) . We employed a 
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Fig. 3. Redshifted FORS2 spectra of the lens and the arc (binned 
3 times). No significant features were found in the spectrum of 
the arc. The noise level was offset by -0.5 for better visibility. 



principal component interpolation for the variable HST/ACS 
point-spread function and parametric corrections for charge- 
transfer inefficiency for both stars and galaxies. In addition, we 
apphed weights w, to the individual shear estimates given by 

>^r'=(;f^[<,(mag,.) + 0.25\ (2) 

where ^2/Tr[f^]) is the isotropic PSF correction factor for 

galaxy / and cr^ .(mag) denotes the variance of the PSF 
anisotropy corrected galaxy polarisations fitted as a function of 
magnitude. We then selected galaxies with a minimum half light 
radius of r/, > 1 .2 r*'™", where r*'"^" is the maximum half light 
radius of the 0.25 pixel wide stellar locus in a size-magnitude di- 
agram. An explicit magnitu de cut was not performed . For more 
details we refer the reader to^Schrabback et al] (l2009l) . 

After all filtering, the shear catalogue contains 33500 galax- 
ies with redshift estimates z > 0.3, corresponding to a number 
density of n = 73 arcmin"^. 42% of the galaxies have their red- 
shifts estimated photometrically as outlined in Sect. 12.1.21 

For those galaxies without redshift estimate (median magni- 
tude /fsi4 w = 26.0) we used the m ean magnitude-redshift rela- 
tion from lSchrabback et alj ( l2009l) . Thereto we split the galaxies 
into magnitude bins of width 0.5 mag, starting from /f814w - 
23.0 down to /f814w = 27.5. For each bin we calculated the av- 
erage lensing strength (J3} defined in eq. ([1]). Since the lens is 
at a very low redshift of z\ = 0.26, it is insensitive to the red- 
shift distribution, in particular for galaxies with redshifts z > 0.7. 
Essentially, (fi) is between 0.70 and 0.80 for 96% of these galax- 
ies, and we might as well have assumed a constant redshift with- 
out affecting our results. 

The median and mean redshift of all galaxies in the shear 
catalogue are 1 .39 and 1.16, respectively. Objects are evenly dis- 
tributed over the sky, and the area around J0454 has only very 
few masks for bright stars, none of which is larger than ~ 20". 
We estimate the 50% completeness limiting AB magnitude of 
our shear catalogue to /f814w ~ 26.1 mag, consistent with the 
results for the CO SMOS field, which was observed with very 
similar strategies ( iScoville et al.l 2007). The depth matches the 
one for the ground-based data (see Table[T]i. 



2.3. VLT/F0RS2 spectroscopy of the strong lens system 

We used VLT/FORS2 to determine the redshifts of the fossil 
group's brightest elliptical, E0454, and its arc system. Data were 
taken on 2009-03-23 in DDT time and in I'.'O seeing, using the 
OG590 order sorting filter, GRIS.300I grism and a I'.'O long slit, 
resulting in a resolution of R ~ 660 (1.68A pixel '). The spectra 
were exposed for 2 x 600s and their useable range extends over 
6250A-9300A. The long slit covered the core of E0454 and the 
bright northern arc. 

We debiased, flat-fielded and sky-corrected the data using 
modified THELI modules. A third-order polynomial was fit to 
the calibration lamp emission lines for wavelength calibration, 
and a small residual offset was corrected by comparison to sky 
lines. We obtained the spectrum of E0454 by averaging 6 de- 
tector rows, yielding S /N ~ 20 in the continuum (Fig. |3]l. The 
spectrum of the arc is strongly blended with that of E0454. To re- 
move this contamination, we exploited the symmetry of the lens 
and extracted a spectrum from the opposite side of E0454 at the 
same distance as the arc. This spectrum was subtracted from the 
arc's spectrum, which was then averaged over 4 rows yielding 
S /N ~ 1-2. The noise level was determined from 200 nearby 
detector rows which only contained sky background. 

The lens redshift is z = 0.2594 + 0.0004 and based on five 
absorption features: Mgl/MgH (5156/5196A), E-band (a blend 
of Fe and Ca at 5269 A), and NaD (5890/5896A). Thus E0454 is 
a physical member of J0454, establishing the magnitude gap and 
thus the fossil character The redshift of the arc is more difficult 
to infer. Our lens modelling (see Sect. |7]) yields a magnification 
of 8 -33 for the arc, which allows us to resolve two maxima in its 
light distribution. The colours of the object and the morphology 
rule out an early-type galaxy. If the morphology is indicative 
of star formation and if the redshift (Zaic) of the arc is less than 
about 1 .0, then there would be a chance to detect the common set 
of nebular emission lines such as [Oil] (3728A), H/3 (4863A), 
[OIII] (5008A) and Ha (6565A) with the given exposure time. 
However, the spectrum does not contain any significant features. 
There are two possible explanations: 

First, Zarc is lower than ~ 1 .0 and the morphology observed 
is not indicative for star formation, or the star formation rate 
(SFR) is low. In this case we can at least infer upper limits for 
the SFR based on the non-detection of lin es. For Zarc = 0. 4 
the Ha line would still be accessible. Using iKennicuttI ( 119981) . 
a presumed line width of 30A and correcting for the strong 
lens magnification (see Sect. |7]), we find SFR < O.15M0yr 
For Zarc - 0.7 -1.0 both [OH I and H/3 are covered. Following 
lArgence & Lamareilld (l2009l) the upper limits for the SFR from 
these two lines are SFR < 0.2 - 2.5M0yr ' for Zarc = 0.7 and 
SFR < 1 - lOMoyr"' forzarc - 1-0, the uncertainties being due 
to the unknown [OII]/Hj6 line ratio. 

The second possibility is that the lensed source is at signif- 
icantly higher redshift, Zarc ^ 1-8, such that possibly present 
emission lines are redshifted beyond the spectral range covered 
by our observations. The clear detection in M*-band on the other 
hand means Zarc < 2.4 and therefore Zarc = 2.1 + 0.3. Based on 
strong-lensing properties and the stellar velocity dispersion of 
E0454 we show in Sect. 17.21 that this higher redshift is indeed 
the most plausible assumption. The actual redshift of the arc is 
not relevant for our main conclusions (see Sect. 18. 11 1. 
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Fig. 4. Target selection in colour-colour and colour-magnitude space. The left and middle panels: galaxies with 0.52 < z < 0.56 and 
0.28 < z < 0.5 are shown as red and cyan diamonds, respectively. Confirmed members of J0454 are coded green, and blue triangles 
are objects with 0.1 < z < 0.24. A selection in colour-magnitude space leads to significant contamination with objects at higher 
redshifts (left panel, exemplary for B - R\s. R). Instead, we selected galaxies in B - V vs. V -I (middle). The right panel shows that 
the galaxies selected in B - V vs. V - / form a well-defined red sequence in V - / vs. /, and the box indicates additional selection 
criteria. Black points represent galaxies that were kept based on this purely photometric selection, and grey ones were excluded. 
Small corrections were made by means of available spectra (see text for details). 



2.4. X-ray observations 

The field was observed for 42 ksec on 2004-09-17 with XMM- 
Newton (PI: D. Warroll, observation ID 0205670101), cover- 
ing a radius of ~ 14 arou nd MS0451. J0 454 is contained in 
the 2XMM catalogue ( Wa tson etani2009l) as source 2XMM 
J045400.6-030832:41489. We reduced the data using XMM- 
SAS0 v8.0.0. The maximum flare level in the 10 - 15 keV range 
is well below 0.35 counts s"', and about half of the data were 
taken during completely quiescent periods. Thus we did not re- 
ject any data due to high background rates. 

X-rays are particularly absorbed by neutral hydrogen, 

/(£) = /oe"'^-"^^*'^™ (3) 

where A^hi = 3.53 x 10^° cm~^ is the column d ensity along the 
line of sight (taken from ' Kalberla et aT]|2005b . Assuming that 
all hydrogen atoms are in their ground state, we obtained the 
quantum mechanical photon cross section as 

crph(£) = 1.61 X 10-23 cm^ (— J . (4) 

Accordingly, the absorption is significant for low X-ray energies 
(0.2 - 0.5 ke V) and becomes low for energies higher than 0.5 - 1 
keV (see also lMorrison & McCammonl[T983h . For the soft clus- 
ter spectrum of J0454 (T = 1.1 keV, see Sect.©, 2.5% of the 
flux are absorbed in the 0.5 - 2.0 keV range. We also applied 
a k-corr ection factor of 1 .06, in terpolated from the values tabu- 
lated bv iBohringer et al.1 (|2004 . 

3. Cluster members and field contamination 

3.1. Object selection 

The MS 0451 field had ext ensive wide-field spectroscopy with 
Keck by Moran et al. (2007), who kindly made their redshift cat- 
alogue publicly available. They randomly selected galaxies in a 



Subaru /-band image (a subset of the data we use) from a sam- 
ple with / < 21.5 mag, irrespective of morphology. Remaining 
spaces in the 14 slit masks were then filled up with fainter ob- 
jects. In total, redshifts were obtained for 1562 galaxies in a 
25' X 20' field that covers J0454 as well. 

3.1 .1 . Selection of J0454 member galaxies 

The spectroscopic sampling of J0454 is complete to about 44% 
for / < 21.5 mag (see Sect. I3.1.3I I. First, J0454 is at signifi- 
cantly lower redshift than MS045 1 , and thus its brighter galaxies 
were not observed as it is implausible that they are members of 
MS045 1 . This holds in particular for the central elliptical with 
/ = 16.6 mag. Second, its angular separation from MS0451 is 
8' and thus it was not at the centre of interest. Lastly, slit masks 
cannot be configured arbitrarily due to source clustering. 

Our photometric redshifts (o-photz = 0.040) do not offer 
sufficient power to distinguish unambiguously between struc- 
tures in the range z - 0.24 - 0.32, which are present along 
the line of sight (Sect. 13.1.3b . For a more complete picture 
we therefore selected ellipticals in colour-colour and colour- 
magnit ude space using the r ed cluster sequence (RCS) method 
from IGladders & Yed (|2000() . The spectroscopic redshifts were 
used to identify suitable areas. However, the large angular extent 
of MS045 1 and its significant content of blue galaxies leads to a 
high contamination when using the red sequence alone (see e.g. 
Fig.|4] left panel). We investigated various colour-colour combi- 
nations and found that in B - V vs. V - I (Fig.H] middle panel) 
the highest redshift differentiation is achieved. All galaxies at 
z ~ 0.26 are cleanly separated from those at z = 0.54, thus re- 
moving the bulk of the contamination. There is also very little 
overlap with galaxies at z > 0.3. Only bluer objects at z = 0.26 
cannot be separated from those at lower redshift. In a first pass, 
we selected objects with 

B-y>1.2 (5) 
B-y<1.7 (6) 



^ http://xmm.esac.esa.int/sas/ 



B-V > 1.286 (y-/)-H 0.07 



(7) 
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B-V < 1.286 (y-/) + 0.59. 



(8) 



r [h"' Mpcl 

1.5 '.0 0.5 0.0 -0.5 -1.0 -1.5 



These form a red sequence in V - / vs. / (diamonds in the right 
panel of Fig. |4]i with a typical width of cr = 0.049 (see e.g. 
[Hansen et al.l[2009 ). Only objects within 2cr of the red sequence 
and with / < 22 are kept for later analysis. The I < 22 cut-off 
was chosen for two reasons. First, the width of the red sequence 
increases significantly for fainter galaxies (see right panel of 
Fig.lU, and thus the contamination rate would increase as well. 
Second, the Keck spectroscopic survey is limited by / < 21.5. 
Pushing the photometrically selected sample significantly be- 
yond this limit would mean that we could not quantify anymore 
the contamination rate by structures with similar redshifts. 

Taken all together, these selection criteria exclude all galax- 
ies with Zspec < 0.24, and all but two ellipticals with Zspec > 0.29. 
A good fit to the red sequence formed by the remaining galaxies 
is 



y-/ = -0.0430 / + 1.768. 



(9) 



From the sample of 55 galaxies selected in this manner 
(black diamonds in the right panel of Fig.|4| we removed three 
with higher and one with lower spectroscopic redshift, and those 
where the photometric redshifts deviated by more than 0. 1 from 
the cluster redshift (2.5cr rejection, 4 objects). In total, 47 galax- 
ies remained to which we added 17 with confirmed redshifts, 
most of them galaxies with blue colours. One galaxy (object 
#10) had colours redder than the red sequence (caused by a 
prominent dust lane) and was added back to the sample. 

In total, 15 of the red sequence galaxies have spectroscopic 
redshifts, including the red galaxy that was added back to the 
sample. Assuming that similar effects hold for the 32 red se- 
quence galaxies without spectra, we estimate that about 2 galax- 
ies were overlooked. Our sample of red sequence galaxies is then 
95% complete down to / = 22.0 mag (M,- = -18.6 + 0.05). 

We confined the galaxy sample to within 6' of the brightest 
elliptical galaxy, E0454, corresponding to 1.7(r2oo) (see Sects. 
14.31 and |672] |. Beyond this perimeter the number density of red 
sequence galaxies is indistinguishable from the density of field 
galaxies selected in the same manner (n - 0.09 arcmin"^, de- 
termined from a 10' x 11' wide area where structures with 
0.2 < z < 0.3 are unknown). 

After correcting for galactic ex tinction ( Schlegel et alJ 

11998 ) we determined the k-correction (Hogg et al."2002') using 
kcorrect (v. 4.1.4, Blanton & Roweis 2007). For better com- 
parison with other publications we report the rest-frame absolute 
magnitudes in the Sloan g and / passbands. The errors for Mg and 
M, are 0.07 and 0.05 mag, respectively, based upon measure- 
ment uncertainties and the internal error estimate of kcorrect. 
The spatial distribution of the member galaxies is shown in Fig. 
|5j and their properties are summarised in Table I A. 1] 

3.1.2. Magnitude gap 

Assuming a virial radius of (r2oo) = 840 kpc (3'.5) from our 
analysis presented below, we determined a magnitude gap of 
Am\2 = 2.5 mag in /-band for J0454 within half the virial radius. 
The second-brightest galaxy is object #20 from Table lA.ll an 
elliptical galaxy at a separation of 0.46 (r2oo) and with spectro- 
scopic confirmation of its redshift. Notice that within 0.5 (r2()o) 
there is no other possible foreground or background galaxy 
brighter than the second-brightest member galaxy, hence the fos- 
sil character of J0454 is secured. The third- and fourth-brightest 
members within 0.5 (r2oo) are 2.8 mag fainter than E0454 and 
also spectroscopically confirmed. Two brighter galaxies exist at 
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Fig. 5. Photometrically and spectroscopically selected cluster 
galaxies. The circle indicates (r2oo) = 830 kpc, centred on 
E0454. 



largerradiiwith A„, = 1.8 -1.9 (objects #34 and #45), but they do 
not have their redshifts measured. For a meaningful luminosity 
function we need complete spectroscopic sampling, in particular 
because the line of sight is contaminated by nearby structures in 
redshift space (see Sect. 13. 1.3b . 



3.1 .3. Structures along the line of sight 

Based on the Keck spectra we identified 16 structures between 
0.1 < z < 0.8, consisting of at least 12 galaxies within Az = 0.01. 
The spatial distributions of the 12 most significant ones are 
shown in Fig. |6] The circle indicates (r2oo) - 830 kpc deter- 
mined below from galaxy counts (Sect. 14.3b and weak gravita- 
tional lensing (Sect. |672] |. MS0451 overlaps significantly with 
J0454, whereas other structures contribute fewer interlopers. 

The distributions shown in Fig. |6] are representative of the 
actual galaxy distribution. This is not self-evident due to the 
incomplete spectroscopic sam pling with slit mask s. However, 
the main selection criterion of iMora n et al.l (l2007h was simply 
/ < 21.5 mag, with a possible bias preferring galaxies closer to 
MS0451 over those with larger separations. Thus the selection 
function is approximately constant across the field and does not 
favour one particular structure over another 

The line of sight towards J0454 is not only contaminated by 
MS0451 but also by structures at z = 0.240, 0.246, 0.282, 0.293 
and 0.325. Without spectra we cannot distinguish these from 
members at z = 0.26. We estimated the contamination assuming 
that the interlopers had the same probability of being selected for 
spectroscopy as the members of J0454. From the number of red 
sequence galaxies with and without spectra we determined the 
spectroscopic coverage to be 44% complete for / < 21.5. Five 
interlopers were kept by the initial selection (see Sect. l3.1.TT l and 
therefore we expect that about 10 of the 32 purely photomet- 
rically selected galaxies in Table lA.ll are not true members of 
J0454. We applied corrections for this where necessary. 
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Fig. 6. Clustering for different spectroscopic redshift bins and their width (in parentheses). J0454 is shown in the upper right, 
MS0451 in the lower left. The circle is centred on E0454 and traces (raoo) = 830 kpc at z = 0.26. North is up and East is left. The 
field is 25' wide and centred on a = 04:54:06, 5 = -03:02:06. 



4. Morphology-density relation, kinematics and r2oo 

In this section we show that J0454 has characteristics typical for 
normal galaxy c lusters, such as a distinct morphology-density 
relation (see e.g. iGoto et al.ll2003 h and a significantly lower ve- 
locity dispersion for the central population of elliptical galaxies 
as compared to the population of spirals. Based upon general 
cluster scaUng relations, we obtain size and mass estimates. 



4. 7 . Cluster extent and mass: raoo and M200 

A characteristic key estimate of a cluster's linear extent is the 
virial radius. It is often approximated by r2oo, within which the 
mean density is 200 times higher than the critical density p^, 



Pciz) = :^h\z), with 



(10) 



(11) 



being the Hubble function. The mass enclosed within r2oo is 
M200 = 200pc(z) y 4)0 • (12) 



A common estimator for the virial mass is 

Mdyn V 
200 ~ '■200 ' 



(13) 



which can be combined with (fTOl i and ( fTSl i yielding a dynamic 
estimate for ^200, 



dyn 
^"200 



V3 



10 H{z) 



(14) 



Estimati ng virial masses fro m galaxy dynamics is non-trivial 
(see e.g. ICarlberg et al.lll997h . in particular if the cluster under 
investigation is poorly sampled with spectroscopic redshifts. Our 
dynamic mass and size estimates for J0454 should therefore be 
viewed with caution, and we complement them with more robust 
cluster scaling relations, weak lensing and X-ray estimates. 

4.2. Velocity field and virial estimate of r2oo 

In Fig.Qwe show the positions of all galaxies around J0454 with 
spectroscopic redshifts in the range 0.255 < z < 0.265. The sym- 
bol size encodes the relative velocity with respect to E0454, and 
open (filled) symbols denote blueshifted (redshifted) motions. 
We notice two filaments extending up to 4.3 Mpc to the North 
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Fig. 7. The kinematic structure of J0454 with respect to E0454. 
Filled and open symbols mark red- and blueshifted galaxies, re- 
spectively. 

and to the North- West. The former is on average blue-shifted 
by -595 km s"' compared to E0454, whereas the latter does 
not show a significant motion. A photometric selection of more 
member galaxies in these areas would result in significant con- 
tamination as these filaments are projected onto four structures 
at similar redshifts (Fig. |6]l. We thus confined our subsequent 
analysis to the region within 6' from E0454. 
We compute the velocity dispersion cr,, as 



(15) 



excluding E0454 and following the prescription of iDanese et al.l 
( 1980) and Harrison ( 1974). Therein, c is the speed of light, (z) 
the mean cluster redshift, and {6} th e uncertainty in th e red- 
shift measurement (50 km s from iMoran et al.l l2007h . The 
factor (1 + (z))"' cancels the stretching effect of cosmic expan- 
sion. After the visual classification of the galaxies' morpholo- 
gies based on their appearance in the HST/ACS data, we deter- 
mined cr,, for the red (E, SO) and the blue (Sa-Sc, Irr) population 
and for all galaxies together (see left panel of Fig. [Hi. Inclu ding 
a correction for local peculiar motions ( Raki c et al] l2006l) we 



480 ± 20 km s" 



590 + 20 km s-', and 



have o^^'^ 

crj!" = 570 + 20 km s"'. The errors were obtained from the 
propagated mean measurement error, and include a conservative 
estimate for the uncertainty of the local peculiar motion and a 
possible net motion of J0454. 

The velocity dispersion of the red galaxies is significantly 
lower than the one of the blue galaxies, which is expected 
from dynamical friction and the morphology-dens ity relation 
(right panel of Fig. [8] consistent with the findings of iGoto et alJ 
I2OO3I for a much larger sample of clusters). Their mean veloc- 
ities are different too, and offsets exist with respect to E0454 
(h-240 km s"' for the red population, significant on the 2.5cr 
level, and -h540 km s"' (5.7cr) for the blue galaxies). For the red 
galaxies this could still be an observational effect due to incom- 
plete sampling, as within 1' of E0454 only two of nine ellipticals 
have their redshifts measured. If confirmed by future observa- 
tions, these features would indicate that these galaxies have a 
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Fig. 8. Left panel: Redshift distribution for the red (E, SO) and 
blue (Sa-Sc, Irr) galaxy populations. Notice that the spectro- 
scopic sampling of ellipticals is complete to only ~ 44%. The 
cross marks E0454. Right panel: Galaxy types as a function of 
angular separation from E0454. 



different origin than those which already collapsed into E0454, 
and that significant substr ucture exists in the entire system (see 
also lOegerle & Hillll2001h . 

Using equations ([13]) and ([TUl we obtained r'^J^ - 1054 ± 44 



kpc andMj^o = (1.69: 



and 4^ = 1295 



0.14) X 10'"^ Mq for the red population, 
0.21) X lO'^^Mo 



for the blue population. 



: 44 kpc andM2^o = (3.14 



4.3. Size-richness relation 

iHansen et aP (l2005l) and [Johnston et all ([2007h have shown that 
r2oo and M200 can be estimated starting from the number A^gai of 
galaxies within a radius of 1 /z Mpc of the BCG. Only galaxies 
in the red sequence and with /-band luminosities L > 0.4L» are 
considered. Based on A^gai one has 



'•200 = 0-156/^1 



, Mpc A^; 



0.60 
aal ' 



(16) 



a refined version of the original relation from [Hansen et al.[ 
([2005[) . Within rj^g the luminosity is 200 times the mean lumi- 
nosity of the Universe. It must not be mistaken for r2()o which 
refers to matter over density, yet the two are closely related 
([Johnston et al.l [2007h . Based on weak lensing measurements 
and the number A^200 of galaxies within r^^, [Johnston et al.[ 
(2007) and Hansen et al. (2009) obtain 



r2(K) = 0.1 82 /!„!(, Mpc A?! 



'200 



M200 = 1.75X 10'2/i7' MoA?' "' 



'200 



(17) 



(18) 



Using M,_, 
counted A^200 '■ 



= -21.8 mag from 'Han sen et al.[ ([2009 *). we 
15^2 red sequence galaxies with M, < -20.8 
mag (corresponding to 0.4 L»). This richness estimate contains a 
correction for field contamination, and the errors are due to an 
uncertainty of 0.2 mag which we allowed for M, ,,. As a result we 
haver2(K) = 8 1 1 + 46 kpc and M2()o = (0.74±0.l'5)x IO'^'Mq, in- 
cluding 13% intrinsic uncertainty for the mass-richness relation. 



5. X-ray halo 

The XMM-Newton image of J0454 is shown in Fig. [9] over- 
laid over the HST/ACS optical image, and in Fig. lA.ll in the 
appendix (overlaid over a colour picture of the Subaru/Suprime- 
Cam data, online material). X-ray flux is detected locally out 
to 1' (240 kpc) from the core of E0454, encompassing the 10 
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Fig. 9. HST/ACS image of J0454. The (jagged) blue contours 
trace the S/N-ratio of the 0.5 - 2.0 keV X-ray flux, starting with 
3cr and increasing in steps of 2cr. A 6" wide kernel was used 
for smoothing. The (smooth) black contours trace the S/N of the 
weak lensing mass reconstruction, starting with 2cr and increas- 
ing in steps of 0.5cr, smoothed with a 40" wide kernel. The white 
square outlines the area of the strong lensing system shown in 
Fig. [12] and the red cross marks the centroid of the distribution 
of elliptical galaxies within (r2oo) ~ 830 kpc. 



innermost galaxies. If azimuthally averaged, we can trace the 
halo about twice as far. It is possible that this very extended 
emission is not associated with E0454 anymore but with the 
surrounding cluster of galaxies (see below). The offset of the 
X-ray centroid with respect to E0454 is 6" + 4" (24 kpc). The 
luminosity profile is described by an isothermal j6-model with 
/3 = 0.57 + 0.06 and a core radius of rc = 120 + 17 kpc {Fig.\M- 
The best-fit isothermal redshifted bremsstrahlung model of the 
spectrum yields T = 1.1+0.1 keV. Assuming a mean particle 
mass of fl ^ 0.6 we find M2()o = (0.34 ± 0.10) x 10"* and 
'"200 - 6 1 7 + 28 kpc, respectively, and for the total luminosity 
within r2oo we have Lx - ( IA + 0.2) X lO'*^ erg s"'. 

A cooling flow is absent from the data as can be seen 
from the luminosity profile. Consequently, we do not expect 
star formation in the core of E0454. This is confirmed by our 
VLT/FORS2 spectrum (Fig. [3]l which does not show any Ha- 
emission, which would be a prime indicator for star formation 

I If 

second to molecular CO emission (Edge 2001). 

The X-ray prop erties of J0454 agre e with those of normal 
groups and clusters. lRvkoffetalJ(l2008h find a tight correlation 
between (Lx) and (A^ioo) of 17000 maxBCG clusters, and this 
relation describes J0454 well. The Lx - cr relation drawn from 
the same sample predicts cr ~ 480 ± 30 km s"', the same as we 
m easured for the elU ptical galaxy population. In the compilation 
of lMulchaevI (l2000l) J0454 falls comfortably within the natural 
scatter of the Lx - cr relation, resembUng either a rich group or 
a poor cluster. 

Differences occur in temperature-based scaling relations. 
While no deviation is found with respect to the Lx - T 
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Fig. 10. Best-fit yS-model for the X-ray halo. A cooling flow is 
absent. 



relation from the HIFLUG CS sample dStanek et all 120061: 
Rei prich & Bohring er '2002), J0454 appears cooler than ex- 
pected (~ 2 keV) wh e n com pari ng it to the Lx - T re lations pre- 
sented bv lMulchaev I (l2000l) andlRvkoff et alj (l2008b . A similai- 
trend is seen for T — cr (lMulchaevl2()00ir i.e. for cr = 480 km s 
one would expect T ~ 2.0 keV (or cr ~ 330 km s ' for T - \.\ 
keV). These deviations can be explained by the natural scatter 
seen in groups of galaxies. A different explanation would be that 
we see a group-sized substructure embedded in, but not yet fully 
merged with, a larger sparse cluster. Extended and patchy X-ray 
emission exists on the lowest levels and at radii > 1'. It is unclear 
whether this emission is still part of the E0454 halo or if we see 
the brightest emission features of the gas associated with J0454. 
With deeper X-ray data we could look for temperature variations 
or diff'erent chemical compositions to distinguish these two com- 
ponents. We discuss these findings in Sect. [8] 

The inner, flat core of the X-ray halo is elongated, trac- 
ing the optical ellipticity of E0 454. These trends have been 
seen previously fo r groups (e.g. Mulchaev & Zabludo^ll998h 
and clusters (e.g. Hashimoto et al. '2008), and also for fos- 
sils (Khosroshahi et al. 2004; Sun et al. 2004; Khosroshah i et al.l 
i2006al) . In general, the X-ray contours of the halo analysed in 
this work are not as concentric and regular as e.g. those for the 
fossil groups RX J1331 .5+1108 and RX J1416.4+2315 from 
[Khosroshahi et al.l (12007 *). yet they do not appear more disturbed 
than those of the other three fossil groups presented by the same 
authors. 

We mention here that the X-ray halo of E0454 was detected 
previ ously and is liste d as object #6 in the Chandra cluster sam- 
ple of lBoschinI (l2002l) . The reported centroid of the X-ray flux is 
located ~ 41 ± 8 kpc south-east of E0454, whereas the XMM- 
Newton data reveals only a small off'set of 24 ± 16 kpc to the 
North- West. We explain this by the fact that XMM-Newton col- 
lected more than 10 times as many photons as Chandra. 



6. Weak lensing analysis 

The strength of a gravitational lens scales with the ratio of the 
angular diameter distances D(z\,Z2) between the lens and the 
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Fig. 11. Tangential shear of J0454 and best-fit SIS and NFW pro- 
files. The shaded area shows the 68% confidence region of the 
SIS fit. 



source and between the observer and the source. The more dis- 
tant the source the stronger the lensing effect, but for a lens red- 
shift zi = 0.26 and sources at Zs > 0.8 it is effectively constant. 
One must project the sources to some arbitrarily chosen refer- 
ence redshift (z, = 1) and rescale the shear estimator (the image 
ellipticities) accordingly to obtain comparable shear values, 



ei/2 



'1/2 



D(zi,z,) D(0,zs) 
D(0,z,) D(zi,z,) 



(19) 



This rescaling decreases (enhances) the noise for Zs > Zr (Zs < Zr) 
and is taken into account by individual weighting factors 



^ D(Zl,Zs) D(0,Zr) 

^D(0,z.s) D(zi,zr) 



(20) 



Before we could proceed on the weak lensing analysis of 
J0454 we had to remove the lensing contribution of MS0451 
from the data by subtracting a singular isothermal sphere (SIS) 
tangential shear profile p arametrised with cr,, = 1354 km s 
This value was taken from lCarlberg et alj (Il997h . who used an it- 
erative outlier rejection process for its determination. A concrete 
error estimate was not given, but by comparing to other mea- 
surement methods in their work, we adopted an uncertainty of 
5%. Other known structures apart from MS0451 (see Fig.|6]l do 
not need to be taken into account, as their angular separation is 
too large and their velocity dispersion is too low to leave a mea- 
surable footprint at the position of J0454. The X-ray data are 
consistent with this picture, revealing no structures apart from 
MS045 1 that could add discernible lensing signals to J0454. 

6. 1 . Mass reconstruction 



We use the finite-field method from ISeitz & SchneideJ (1200 lb 
to reconstruct the projected surface mass density, k, from the 
sheared images. This method uses the field border as a boundary 
condition, which makes reconstructions of non-rectangular areas 
difficult. We therefore work on a 16'.8 wide rectangle inscribed 



into the HST/ACS mosaic. Our code is freely avai l abl and 
based on the original version from lSeitz & Schneideil(l200lh . 

The convergence k is determined up to an additive constant, 
the 'mass-sheet' degeneracy, which is safely broken by assum- 
ing that K vanishes on average along the border of the field. The 
algorithm only works for under-critical regions with k < I, i.e. 
strong lensing areas are not reconstructed reliably. In the case of 
J0454 this affects only the innermost 4" (see Sect. |7]i, which is 
well below the resolution limit and thus of no concern. 

The resulting density map must not be interpreted without a 
corresponding noise map. For example, bright stars cause holes 
in the data field, which locally increase the noise due to the 
reduced number density of galaxies. In addition, the smooth- 
ing length for the shear field must be larger than these holes. 
Otherwise, the boundary condition of a rectangular data field is 
violated, resulting in a corrupted solution. To obtain the noise 
map, we created 1000 realisations of randomised galaxy orienta- 
tions keeping their positions fixed, and obtained k for each. The 
two-dimensional rms of these /c-maps yields the desired noise 
map. Since lensing increases the ellipticities of galaxies, we re- 
moved the SIS shear profile of J0454 (Sect. lO ) from the data 
prior to the randomisations. Otherwise the noise at the cluster 
position would be overestimated. 

The S/N-level of the mass map is shown in Fig.|9l J0454 is 
detected on the 4.7cr level with a peak convergence of a- = 0.20. 
It is the only significant (S /N > 4) mass peak besides MS045 1 
(S/N = 7.7), and located 12+5" south of E0454. The uncertainty 
in the position was determined from boot-strapping the shear 
catalogue. The mass of J0454 within 182 kpc (approximately 
ti-acing the S/N = 1 contour) is M = (0.38 ± 0.09) x IO'^Mq. 
This is not comparable to Maoo since it is integrated within a 
much smaller radius. A determination of M200 from the recon- 
structed density map is not sensible as the noise entirely dom- 
inates the signal in the larger aperture. However, we can infer 
a lower limit of r20() <: 650 + 50 kpc. One way to test the in- 
tegrity of the detection is to check for noise peaks in the 1000 
randomisations with equal or higher significance. No such peak 
is found, consistent with the expectation (0.21 peaks) from ide- 
alised Gaussian noise. In reality the noise is non-Gaussian as the 
dispersion of image ellipticities is non-Gaussian. Probing the ac- 
tual differences for ~ 5cr peaks would require many more ran- 
domisations, but would not change our main conclusion here that 
is that we detected a real signal. 

As mentioned previously, we removed the contribution of 
MS0451 by subtracting a SIS profile with cr,, = 1354 km s"'. 
Changing this value by 5% alters the mass estimate by 0.1%, 
hence this measurement is insensitive to the presence of 
MS045 1 . This is not unexpected as the separation between J0454 
and M045 1 is large and a- is a local quantity, resulting in no over- 
lap of the clusters' projected surface mass densities. 

6.2. SIS and NFW fits to the tangential shear profile 

We fit SIS and NFW profiles to the tangential shear around 
J0454 (Fig. fTTT i. assuming a spherical symmetric density dis- 
tribution. As compared to the mass reconstruction, the results 
are not model-independent. For the SIS we furthermore assumed 
that the system is in virial equilibrium with isotropic distribution 
of the orbits, having a density profile 



Psis('") = 



(21) 



http://www.astro.uni-bonn.de/~mischa/download/massrec.tar 
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which yields, in analogy to the derivation of equation (IT4l l. 



^"200 



V2 



10 H{z) 



(22) 



(note the different pre-factor). 

The tangential shear is measured with respect to a refer- 
ence point, which should be near or at the centre of mass, de- 
pending on substructure. We identify the position where the tan- 
gential shear is maximised wit h a matched-filter tech nique (the 
5 -statistics or peak finder, see ISchirmer et al.]l2007h . The sig- 
nal is maximised for a 5'.5 wide filter approximating the NFW 
shear profile, detecting J0454 on the 5.2cr level 12" ± 5" south- 
east of E0454 (position angle 162 ± 2 degrees, both error es- 
timates from bootstrapping). This is coincident with the peak 
of the mass reconstruction and indicates a robust choice for the 
reference point. In general, the two peaks would not necessar- 
ily coincide as both methods compute very different quantities. 
Deviations can occur in particular for clus ters with significant 
substructure (see e.g. iHolhiem et alJ 12009 ). provided that the 
SIN is high enough to resolve such features. With this refer- 
ence point the SIS fit yields cr™' - 476 ± 46 km s"' and M200 - 
(0.90±0.26)x lO'^Mo, and from the NFW fit we obtained a con- 
centration parameter of c = 9.5 + 4.8, r2oo = 834 + 219 kpc and 
M200 = (0.84 ± 0.66) X 1O''*M0. Contrary to the convergence k, 
the shear is a non-local quantity and therefore more susceptible 
to changes in the velocity dispersion assumed for MS045 1 . For 
example, decreasing (increasing) its o",, by 5% results in a 2% 
(4%) increase of the velocity dispersion for J0454. These effects 
are included in our error budget. 

To quantify the effect of possible errors in the choice of 
the reference point, we repeated the analysis using the core of 
E0454 and the centroid of the distribution of elliptical galaxies 
within r2()o = 830 kpc. This yielded cr,. - 462 ± 49 km s"' and 
376 ± 58 km s"' , respectively. The first fit is qualitatively slightly 
worse than the original fit but still acceptable, whereas the sec- 
ond is significantly deteriorated. The centroid of the distribution 
of elliptical galaxies can therefore be ruled out as the centre of 
mass. We show below based on strong lensing that this also ap- 
plies to E0454. 




O. 



□ 



N ♦ 



1" 



Fig. 12. HST/ACS image of the strong lens. The counter image 
and the arcs reveal two maxima in the source intensity distri- 
bution, forming two sets of multiple image systems. They are 
marked by circles and squares and are used for the lens mod- 
elling. 




7. Strong lensing analysis 

7.1. Lens modelling 

We identified two sets of multiple image systems, corresponding 
to two bright knots in the source intensity distribution and iden- 
tified by circles and squares in Figure [121 The lens is modelled 
using a pseudo-isotherm al elliptic mass distribution (PIEMD, 
lKassiola&Kovnedll993L with zero core radius). 



1 + 



2 



(23) 



where b is the strength and q is the axis ratio . The 1/(1 + q) nor- 
malisa tion is needed to match the profile in iKassiola & Kovnej 
that was defined using ellipticities (e = (1 —q)l{\ +^)) in- 
stead of axis ratios. The distribution is translated by the centroid 
position and rotated by the position angle, PAl. Furthermore, we 
allowed a constant external shear with strength yext and PAgxt- In 
total, there are 1 1 parameters: 4 for the two source positions, 
5 for the PIEMD, and 2 for the external shear The two sets of 
multiple images provide 16 constraints. Note that the modelling 
is independent of lens and source redshifts. 



Fig. 13. The most probable critical curve (dashed) and caus- 
tic curve of the lens. The caustic consists of four folds (solid 
lines) joining at four cusps. The modelled source and image po- 
sitions for the two sets of multiple-image systems are marked by 
squares and circles. 



We used the strong len s modelling co d e ( Halk ola et al. 2010, 
in pre p aration) ba s ed on |Halkola et al. (2006), Halkola et al.l 
(l2008h . ISuvu et al.1 (l2006t) and Dunkley et al, (2005). Markov 
chain Monte Carlo (MCMC) methods were employed to ob- 
tain the posterior probability distributions of the lens parame- 
ters. We placed Gaussian priors on the centroid, q, and PAl of 
the PIEMD (with Gaussian widths of 0.05", 0.09 and 10°, re- 
spectively) based on the observed light distribution. 

Table |3] lists the results of the marginalised lens parame- 
ters from a MCMC chain of length 10^ after the burn-in phase. 
Typical predicted image positions agree with the observations 
within 1 pixel (rms ~ 0'.'03). Figure [13] shows the critical and 
caustic curves of the most probable lens parameters. The arc is 
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Fig. 14. The arc system after subtracting an elliptic Sersic model 
from the CFHT M*-band and the Subaru BVRIz-hand images. 
The lens is not entirely removed. The counter image is marked 
with a box. North is up and East is left, the image width is 27". 



in a fold configuration, close to being in a cusp configuration 
(i.e., the positions of the bright knots in the source lie next to a 
fold and are in the vicinity of a cusp of the caustic curves). The 
two merging images form the northern half of the arc with mag- 
nifications yu = 8.2 - 33.8, and the other image the southern arc 
with yU = 3.0 - 4.4. The counter image has fi ~ 2.3. 

The separations between the arc and the lens, and between 
the counter image and the lens, are r.'85 - 2'.' 18 and 3'.'42, re- 
spectively. This asymmetry requires the presence of significant 
external shear, yext - 0.12. As gravitational lensing is an achro- 
matic process, all images should have similar colours, which al- 
lowed us to test the counter image hypothesis. Since the lensed 
images are very near the core of E0454 we subtracted a model 
for the lens galaxy light before obtaining usable photometry. 
Thereto we fi t an elliptic Sers ic model to the u*BVRIz data us- 
ing GALFIT dPeng et alj200 2'). The resulting images and source 
fluxes are shown in Figs. [14] and [15] We found good agree- 
ment confirming the lens modelling. Only the V-band flux of 
the southern arc appears too low, which is a consequence of the 
worse seeing in this filter and the fact that this image is closest 
to the lens making it very susceptible to over-subtraction effects. 



Table 3. Marginalised strong lens parameters. The position an- 
gles (PA) are counted from North to East. The uncertainties on 
the parameters correspond to the 68% posterior credible interval. 
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dius a and scale radius s, which becomes identical to our model 
in the limit of a and — > oo. We obtain 



12 n V'^ 

cr dPiE -It — I 



3 4;r 



260 ± 4 km s" 



(26) 



Th e relation betw e en crd PiE and cr* is shown in Fig. 20 
of lEhasdottir et all (l2007h . Our PIEMD corresponds to their 
asymptotic limit, approximated by the solid line in that figure. 
The radius R (3 F0RS2 detector rows or 0'.'6) within which we 
measured cr* is significantly smaller than their eff'ective radius 
Re (half mass radius), hence R/Rg « 1. We thus expect cr* 
to be between 0.95 cr^piE and 1.15 cr^piE or 250 - 300 km s 
A fit of the Doppler-broadened NaD absorption doublet yields 
cr* - 210 ± 80 km s"', indicating that E0454 possibly does not 
contain all the lensing mass. Up to 50% co uld be located in the 
halo of J0454 (see also llMcKean et alJl2009 . for a similar exam- 
ple), but the large error bars do not allow a definite conclusion. 

These considerations depend on the arc redshift which could 
not be determined unambiguously from spectroscopy (see Sect. 
12.31 ). For z-arc - 0.4 (1.0) we would have cr^piE = 515 km s"' 
(345 km s"') and similarly high stellar velocity dispersions. 
Thus Zarc - 0.4 is clearly ruled out by the velocity dispersion 
measured (cr* = 210 ± 80 km s"'), and also by the fundamental 
plane properties of BCG galaxies dPesroch es et al. 2007). The 
latter predict cr* = 280 ± 35 km s ' for a BCG with the absolute 

/-bandluminosityofE0454(-24.1 mag). A redshift of Zaic ~ 1-0 
would still be permitted within 2cr errors, but the redshift most 
consistent with the data are Zarc -2.1 ±0.3, as assumed through- 
out our paper 



7.2. PIEMD and stellar velocity dispersions 
The equivalent Einstein radius of the PIEIVID reads 



gPIEMD ^ 2b 



I + q 



(24) 



(e.g. lKoopmans et"aDl2006h and evaluates to 2'.'37 ± 0'.'04. These 
authors have also shown that 0^™^ corresponds to that of a clas- 
sical spherically symmetric SIS, 



Of = 471 



(25) 



yielding a PIEMD velocity dispersion of cr J,' - 319 ± 4 km s"' 
for a source redshift of Zs = 2.1 ± 0.3. 

[Elfasdottir et aL] (l2007h provide a recipe through which the 
PIEMD strong lensing velocity dispersion can be linked to the 
observed stellar velocity dispersion cr*. Their mass model is a 
parametrised truncated PIEMD (hereafter: dPIE) with core ra- 



8. Interpretation and discussion 

8.1. E0454 is not at the centre of the dark matter potential 

Strong gravitational lensing by galaxy groups is very sensitive 
to the local group environment, and in particular to the inter- 
nal distribution of dark matter (Momcheva et al. 2006). During 
the build-up of the morphology-density relation individual dark 
matter haloes get partially stripped and integrated into the group 
halo. In these systems, strong lensing can occur by individual 
galaxies with typical Einstein radii of 0e = 1" - 2", but also by 
the com mon and more massive group halo with 6e - 3" - 8" 
(see e.g. lFassnacht et al . 2008; Limousin et al. 2009). 

The Einstein radius for the 476 ±46 km s ' weak lensing SIS 
halo of J0454 and a source redshift of = 2.1 ± 0.3 is 



= 4;r(^f ^ =5'.'28±1'.'02, 



(27) 



more than twice as large as the observed arc radius of 2'.'37. 
Hence the strong lens effect is caused by E0454 and not by the 
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Fig. 15. Magnitudes of the arc components and the counter im- 
age, obtained from the images in Fig. [14] The uncertainties in 
the values are of the order of 0.2 mag due to the residuals from 
the removal of E0454. 



more massive group halo. Given that all masses along the line 
of sight contribute to the lensing potential, the immediate con- 
sequence of this observation is that E0454 cannot be, on a 3cr- 
level, located at the centre of the gravitational potential of J0454. 
Otherwise the arc radius would be significantly larger 

This argument would not hold anymore if the lensed source 
was at very low redshift (we assume that it is at high redshift, 
see Sects. 12.31 and \1.2\ . The Einstein radius of 2'.'37 would be 
reproduced for Zs =0.42, but already for slightly higher redshifts 
such as 0.5 (0.6) it would increase to 2'.'93 (3'.'45). But even if we 
overestimated the source redshift significantly, E0454 could still 
not be located at J0454's halo centre as we show in the following 
using the lensed image configuration. 

The lens modelling (Table [3]) requires a large amount of ex- 
ternal shear, yext = 0.12 + 0.02, which can be caused by a dif- 
ferent lens along the line of sight, but also by an offset of E0454 
in the halo of J0454. The SIS model for the background cluster 
MS0451 predicts yext = 0.021 with PA = 108 degrees. To ob- 
tain the external shear required, we need additional components 
whose net shear is yext = 0.100 ± 0.017 and PA = 86.5 + 0.6 de- 
grees. Since there is no evidence for other suitable lenses in the 
Keck spectra and the XMM-Newton data, this signal must come 
from J0454 alone. Its centre of mass must be located 22" ± 4" 
(89 ± 16 kpc) south of E0454 for a SIS profile, and 31+f^ ai'c- 
seconds (126^^^^ kpc) for NEW (see Eig.[T6ll. The same external 
shear could also be caused if the halo was at identical distances 
to the North of E0454, but this is ruled out at the 4cr level by the 
mass reconstruction and the peak finder, both of which locate the 
centre of mass 12" + 5" south of E0454. This is unlikely to be 
the real centre, as neither the mass reconstruction nor the peak 
finder are able to resolve such substructures in the halo for the 
given lensing signal-to-noise ratio. A much larger number den- 
sity of lensed background galaxies than n - 73 arcmin"^ would 
be required for this purpose. 

The diff'erent offsets predicted by the spherically symmetric 
NEW and SIS density profiles are obviously model-dependent. 
Furthermore, an elliptical halo would increase the offset if the 




Fig. 16. The various estimates for the halo centre of J0454: 
distribution of elliptical galaxies, mass reconstruction and peak 
finder, and from the external shear coming from an SIS or NEW 
profile. The arrow marks a tidal feature in the optical halo of 
E0454. 



halo's projected major axis pointed to E0454. The reason for 
this is the increased projected mass and thus shear seen by the 
strongly lensed light bundle towards J0454, putting the halo at 
larger separation from E0454 to satisfy the external shear con- 
straint. Likewise a smaller offset would result if the halo minor 
axis pointed towards E0454. The first scenario is more likely as 
the distribution of red sequence galaxies is significantly elon- 
gated North-South within r2oo (see Eig. |5]), which is expected 
if the galaxies are virialised within an elliptic h alo. In addition, 
E0454 is elongated along the same direction, andlQkum ura et all 
(I2009h show that the central luminous red galaxies in clusters are 
preferentially aligned within ~ 35 degrees with their host dark 
matter haloes. The separations between E0454 and the halo cen- 
tre should therefore be regarded as lower limits. 

8.1 .1 . Effect of sub-haloes on the external shear 

Individual galaxies can significantly aflFect strong lensing sys- 
tems in cluster environments. We modelled the red sequence 
galaxies with SIS profiles to estimate their contribution to the 
external shear, using the vel ocity dispersions predi cted by the 
Eaber-Jackson relation from iDesroches et al.l (l2007h . Including 
successively more galaxy haloes going from the strong lens out- 
wards, we find that the external shear increases gradually and 
stabilises at yext = 0.036 + 0.056 with PA - 76 degrees. Only 
5 galaxies within 0'.5 1 contribute to the signal. The uncertainty 
in the shear is large and based on the intrinsic scattering of the 
Eaber-Jackson relation. If we systematically increase the pre- 
dicted velocity dispersions of all 5 galaxies by the Icr range al- 
lowed by Eaber-Jackson, then the entire external shear can be 
explained by these haloes. In the other extreme, by lowering the 
velocity dispersion by Icr, the contribution to the external shear 
becomes zero. 
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We therefore expect halo substructures to contribute about 
30% to the total external shear. Since this lowers the shear com- 
ing from a smooth common group or cluster halo with cr ~ 
480 km s the offset from E0454 to the centre of this halo be- 
comes larger. For example, in case of a SIS halo the separation 
would increase from 22" to 40" . The position angle, i.e. the lo- 
cation of the halo centre south of E0454, remains unchanged. We 
ignore the smaller effects of substructure for the rest of the paper 
as the main result, i.e. the presence of an offset of E0454 with 
respect to the centre of the projected mass distribution, remains 
unaffected. 



8.1 .2. Interpretation: A group falling into a cluster, or a 
filament collapsing onto a group? 

How can it be explained that E0454, which is significantly 
more luminous and massive than all other member galaxies, 
is not located at the minimum of the gravitational potential? 
Such offs ets are not uncommon for normal group s and clusters 
(Oegerle &Hilll 120011; Ivon der Linden et al.ll2007l: ISkibba et al.1 
I2OIO ). but for old and evolved fossils they are unusual and 
have not been reported previously. If all galaxies in J0454 
had the same origin, then the observations are difficult to rec- 
oncile. A simple solution would be that E0454 formed out- 
side of J0454 in a separate small group which is now falling 
into J0454. This could also explain the velocity offset of 
-h240 km s"' (+540 km s"') observed between the BCG and 
the population of elliptical (spiral) galaxies (see Sect. 14.2! and 
IZabludoff & Mulchaev..l998; Oegerle & Hili2001i) . We present 
more support for this scenario below based on the properties of 
the X-ray halo. 

There is one observational difficulty in this picture. If the 
halo into which the group is falling represents a fully formed 
NEW mass distribution, then one would expect a galaxy or con- 
centration of galaxies at its centre whose brightness is reason- 
ably scaled to the halo mass. However, no such galaxies are seen. 
Erom this we conclude that the halo is not fully assembled yet, 
or decomposed into several sub-haloes in a filament projected 
along the line of sight, mimicking a spherical system. In the lat- 
ter case, galaxies could be streaming along the filament onto the 
denser fossil group, presenting an alternative interpretation of 
the system (B. Eort, private communication). Unfortunately nei- 
ther the strong nor the weak tensing data allows us to distin- 
guish between a filament and a more spherical cluster. We pool 
both scenarios under the term 'infall hypothesis', indicating a 
fossil group still forming an object of its own in a larger system 
(J0454). 



8.2. X-ray halo properties support Infall hypothesis 

Whereas the strong lensing data require an offset of 90-120 kpc 
between E0454 and the halo of J0454, only a weakly significant 
offset of 24 ± 16 kpc exists between E0454 and the X-ray halo. 
The latter appears to be gravitationally bound by E0454 and not 
by J0454. Even though the X-ray halo overlaps in projection 
with the presumed core of J0454, no significant mass transfer 
has happened yet as the X-ray halo appears undisturbed. This 
can be explained if E0454 still forms a local minimum and thus 
a system of its own in the larger gravitational potential of J0454. 
The significantly lower X-ray mass of 0.34 x lO'^^M© as com- 
pared to (0.75 - 0.90) X 10'"* Mq from galaxy counts and weak 
lensing supports this interpretation. The same holds for the /3- 
model velocity dispersion (316 ± 26 km s"') which matches the 



strong lensing value (319 + 4 km s"') much better than the one 
derived from weak lensing (476 + 46 km s"'). The halo tem- 
perature of 1 . 1 keV is also more characteristic for a group with 
~ 330 km s"' than the optically determined overall 480 km s"' . 
If E0454 indeed represents a very evolved and virialised former 
group of galaxies that is now falling into J0454 (Sect. 18.11 ). then 
one would expect the X-ray properties to reflect a less massive 
and smaller system than J0454. Given the undisturbed X-ray 
halo, the absence of shock fronts and the low temperature, we 
presume that E0454 has not yet passed through J0454 and is thus 
inbound for the first time. The present data does not allow us to 
infer more information about the three-dimensional orientation 
of the trajectory. To this end we would need a better sampling of 
the peculiar motions of the member galaxies in J0454. 

8.3. X-ray offsets In other strong lensing or fossil groups 

The offset of 24 ± 16 kpc between the X-ray centroid and E0454 
is consistent with those of other gr oups. Four o f the strong 
lensing selected systems by Fassnach t et al.l (l2008l) have X-ray 
haloes, coinciding within 25 - 5Qh^Q^~| kpc with the brightest 
group galaxy (EGG). Even smaller offsets have been o bserved 
for the five fossil groups in iKhosroshahi et al.l (l2006bh . where 
the X-ray centroids of four systems match those of the BGGs. 
For the fifth system, RXJ1552.2+2013, an offset of 12 kpc is 
reported, but the authors argue that it is unlikely to be real. 
Fossil sampl es that were cross-matched with the ROSAT All- 
Sky S urvey ( Voges et aP 1999) such as those bv ISantos et alJ 
(l2007h and lLa Barbera et al J (120091) show larger offsets of up to 
50 and 90 kpc, respectively. These should be interpreted with 
caution though due to the poor angular resolution of ROSAT. 
In general. X-ray selected galaxy groups often show small off- 
sets, but in dynamically dist urbed or merging systems they can 



become larger than 100 kpc (iJeltema et alJ 200^ 



: s ystems 1 
M l2007h . 



Whether small X-ray offsets are representative for strong 
lensing X-ray groups is currently difficult to answer due to the 
small sample size and possible selection effects. For example, 
the groups from Fassnacht et al. (2008) could be biased towards 
systems for which the X-ray centroid and the BGG coincide, as 
this would boost the central density giving rise to strong lens- 
ing. On the other hand, groups with more complicated dynami- 
cal states (and larger X-ray offsets) have increased lensing cross- 
sections and should therefore be selected as well. 



8.4. Comparison with other strong lensing groups 



iLimousin et a D (120091) use an automated algorithm to detect 
strong lensing features. They were looking for Einstein radii 
larger than 3", targetting group-scale strong lenses, and found 
13 such systems. The authors also report weak lensing mea- 
surements of the velocity dispersions in the range of 500 - 
800 km s A comparison of the weak and strong lensing 
Einstein radii is not made, but the according values have been 
tabulated. In general there seems to be good agreement between 
the two estimates if the group halo is responsible for the lensing. 
About half of the groups show significantly larger strong lensing 
Einstein radii, most likely systems where the lensing has been 
boosted by the potential of an individual galaxy in addition to 
the group halo. Due to the lower cut-off in 9e objects like J0454 
with large weak and small strong lensing Einstein radii are fil- 
tered out. A survey aiming at smaller strong lensing features near 
the core of the BGG could identify systems similar to J0454. In 
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Table 4. Summary of the main results. Values in bold face are 
the primary measurements, the others were derived from these. 



Method 


^ r 


km s '] 


'-200 [kpc] 


M2OO 


r 1 nl4 IV T 1 
[iU MqJ 


Galaxy counts 








811 ± 


46 


0.74 


±0.15 


Spectr. (early type) 


480 


+ 


20 


1054: 


±44 


1.69 


±0.14 


Spectr. (late type) 


590 


+ 


20 


1295: 


±44 


3.14 


±0.21 


X-ray (j8-model) 


316 


+ 


26 


617 ± 


28 


0.34 


±0.10 


Weak lens. (SIS) 


476 


+ 


46 


853 + 


82 


0.90 


±0.26 


Weak lens. (NFW) 








834 ± 


219 


0.84 


±0.66 


Weak lens. (MR) 








650 ± 


50* 


0.38 


± 0.09 * 


Strong tensing 


319 


+ 


4 


700 ± 


9 


0.50 


±0.01 



* The mass estimate from the weak lensing mass reconstruction is ob- 
tained within a radius of 182 kpc, significantly smaller than r2oo- The 
given values are therefore lower limits. 



combination with a high external shear this would be a prime 
indicator for substructure and a possible infall. 

8.5. Spatial and dynamic misalignment of E0454 

More evidence for the infall hypothesis arises when looking at 
the sample of seven groups selected by iFassnacht et al.l (l2008l) 
for their strong lensing effects. These authors found that the 
BGG almost always coincides with the spatial and the dynamical 
group centre. E0454 on the other hand is marginally consistent 
within Icr with the centre of the distribution of elliptical galax- 
ies. In addition, its velocity deviates by 2.5cr (half the velocity 
dispersion) from the mean recession velocity of the ellipticals, 
and even more so from that of the spiral galaxies (comparable to 
the velocity dispersion, see Sect. 14. 2b . E0454 als o contradicts the 
nine X -ray selected groups and poor clusters of iMulchaev et alJ 
(I2006h . who found that BGGs coinciding with the X-ray cen- 
troid have the same mean recession velocity as the surrounding 
group. It would be worthwhile to look for similar deviations in 
the currently existing samples of fossil groups. 

With a more complete sampling of velocities of the ellipti- 
cal galaxies we could analyse these deviations in more detail, 
possibly identifying a dynamic sub-population of galaxies be- 
longing to the fossil group (or, if we summon our alternative in- 
terpretation, identify galaxies in the filament streaming towards 
the group). With the data at hand we cannot estimate how many 
galaxies comprise the fossil group. A tidal feature in E0454's 
optical halo (see Fig.[T6b indicates that the accretion process in 
the fossil component of J0454 has not yet finished, and therefore 
it is plausible that E0454 is not the only galaxy belonging to that 
component. 

8.6. Dynamic disturbances, X-ray offsets and cooling flows 

Dynamically disturbed halo es can suppress or reh eat cooling 
cores, as has been shown by ISanderson et alJ (l2009l) for the 65 
systems in the Local Cluster Substructure Survey (LoCuSS, me- 
dian redshift z = 0.23). They demonstrated that for clusters with- 
out cooling core or with inactive BCGs the probability distri- 
bution function of the projected offset between the X-ray cen- 
troid and the BCG peaks between 40 and 60 kpc. Conversely, 
cooling core clusters never showed offsets larger than 15 kpc. 
With an offset of 24 kpc and no traces of star formation in the 
FORS2/VLT spectrum, E0454 matches the LoCuSS observa- 
tions. In addition there are also hints for dynamic disturbances. 
E0454 is embedded in an extended optical halo (see Fig. [T6] l. 
forming a tidal tail in the North at a distance of about 90 kpc 



from the core. This feature is too small and too localised to be 
attributed to a current major merger event. It could be a residual 
of a recently disrupted small companion galaxy, or caused by 
tidal disturbances of galaxies orbiting very close to the halo (ob- 
jects #2, 3 and 4 from Table lA.ll . A similar fe ature is observe d 
in the BCG of the fossil cluster ESO 3060170 dSun et al.ll200l . 

E0454 is currently accreting mass, but the rate is to o small 
to hav e destroyed a previously existing cool core. Bur ns et al.l 
(l2008h have analysed the survival rate of cool cores in merger 
simulations and found that non-cooling core clusters experi- 
enced a high accretion rate with major mergers at z > 0.5, de- 
stroying a potentially existing cool core and also prevent their 
later reformation. Minor, and in particular late accretion events 
such as the one observed in E0454 do not suppress a cool core. 
Thus, if a cooling core were present in E0454, it must have been 
destroyed at early times. This is consistent with E0454 being a 
giant elliptical galaxy, as only these g alaxies have experienced 
major mergers in their history dParrv et al...2009.) . and fossil sys- 
tems in particular form their halos at earlier times than othe r 
groups ('Dariush et ani2007t Ivon Benda-Beckmann et al]l2008h . 
A systematic survey of fossils regarding cooling flows and cool 
cores would be helpful in testing theoretical predictio ns. So far, 
the number of examined systems is s mall (see e.g. ISun et al] 
I2004t iKhosroshahi et al.ll2004 l2006al) and the amount of fos- 
sils with suitable X-ray data poor. This also applies to J0454, for 
which the data are insufficient to derive a temperature map with 
sufficient resolution to establish the non-existence of a cooling 
core. 

8.7. Mass-to-light ratio 

ISheldon et all (l2009ah have obtained mass-to-light ratios for the 
maxBCG cluster sample in SDSS, using weak lensing to esti- 
mate M2()o. The total luminosity within r2oo was inferred from 
red sequence galaxies only. To minimise K-corrections, it was 
calculated for the /-band bandpass shifted to the median clus- 
ter redshift of 0.25. We adopt their terminology and refer to the 
shifted bandpass as A minimum '^•^^/-band luminosity of 
Lq was required for each galaxy. 

From the SIS and NFW fit to the tangential shear profile we 
obtained an average (r2oo) - 843 kpc, coiTesponding to 3'.47. 
Within this radius are 14 and 22 red sequence galaxies with 
and without spectroscopic confirmation above the minimum lu- 
minosity threshold. To correct for the field contamination de- 
termined in Sect. 13.1.31 we randomly selected a corresponding 
number of 5 galaxies from the sample without spectroscopic red- 
shifts and calculated their total flux contribution. This was re- 
peated 100 times to estimate the average background correction. 
The total luminosity found is L'°^,. = (6.9 ± 0.6) x lO" /j^^Lq, 
and M2oo/io25, = 130 ± 39 /i for the SIS profile and M200/L0.251 = 
122 + 96/1 for NFW. In the rest-frame bandpass the M/L ra- 
tios would be 8% lower For a cl uster with the same nu mber of 
A^200 (Sect.|43]l galaxies as J0454. ISheldon et all (l2009al) predict 
(^200/^25,) = 200 ± 30/1. Given the scatter pre sent in the lu- 
minosi ty and the mass of a given A^200 bin (see ISheldon et alJ 
2009b''a), J0454 does not appear exceptionally over-luminous 
compared to non-fossil systems. The contribution of the BGG 
to the total luminosity in /-band within r2()o is 38%. 

For completeness we also report the corresponding result for 
rest-frame Z?-band and the SIS mass, M2()q/Lb = 115 + 34/z. 
If we include also galaxies bluer than the red sequence, the ra- 
tio becomes 101 ± 30 h. The contribution of the BGG to is 
34% for red sequence galaxies alone, decreasing to 29% if late 
type galaxies are included. The latter is an upper limit as the 



Schirmer et al.: The fossil group J0454-0309 



17 



sample of late types is incomplete. For the two fossil clusters 
RXJ1416.4+2315 and RXJ1552.2+2013 the non-brightest clus- 
ter members contribute only ~ 55% of the flux of the BCG, i.e . 
the BCG provides about 2/3 of Lg' (see Khosroshah i et alJ2007t 
ICvpriano et al]|2006tlMendes de Oliveira et aUlOO^ . 

9. Summary and conclusions 

In deep ground-based Subaru/Suprime-Cam data we discov- 
ered a galaxy strongly lensed by a very bright elliptical galaxy 
(E0454). Using VLT/FORS2 spectroscopy we confirmed that 
E0454 is a member of a larger association of galaxies (J0454) 
at z = 0.26. The system forms a fossil group with a gap of 2.5 
mag in /-band between the brightest and the second brightest 
galaxy within half the virial radius. We have spectroscopically 
confirmed the membership of 3 1 galaxies, and furthermore se- 
lected 33 objects based on their photometric properties. Our cat- 
alogue is complete down to / < 22 (M, = -18.6). 

The data, being the deepest so far for a fossil group, show 
that J0454 is a complex system in various stages of mass assem- 
bly. Stripping away the layers from outside to inside, we find 
two filaments extending 4 Mpc from J0454. Within a projected 
distance of 1.5 Mpc of the centre is a population of spirals with 
o",, - 590 km s"', surrounding a more concentrated and dynam- 
ically cooler group of ~ 50 galaxies (cr,, = 480 km s"'). These 
form a red sequence with an intrinsic width of o" = 0.049. 

Using HST/ACS and photometric redshifts we performed 
the first weak lensing analysis for a fossil group. The tangential 
shear profile yields raoo ~ 840 kpc and M200 ~ 0.85 x 10'"* Mq, 
fully consistent wi th the predictions made by the cluster size- 
richness relation o f lHansen et all (12009) . From this point of view 
J0454 is indistinguishable from normal clusters, forming either 
a rich fossil group or a poor fossil cluster. The X-ray halo can 
be described by a classic y6-model and is only marginally offset 
(24 kpc) from the brightest group galaxy. However, the velocity 
dispersion of 316 km s ' is lower than the one measured from 
weak lensing (476 km s"') and spectroscopy (480 km s"'), and 
so is M200 (0.34 X 10''*Mq). The low X-ray halo temperature of 
1.1 keV also favours a smaller structure with ~ 330 km s"'. 

Peculiarities arise when analysing the brightest group galaxy 
with respect to its environment. It not located at the spatial cen- 
tre of elliptical galaxies and shows a significantly different ve- 
locity than the mean velocity of the ellipticals. This indicates a 
different origin of E0454 from the surrounding galaxies. More 
evidence for this hypothesis is provided by the strongly lensed 
galaxy near the core of E0454. We constrained its redshift to 
Z = 2.1 + 0.3 and determined an Einstein radius of 2'.'37. The 
weak lensing velocity dispersion of 476 km s"' corresponds to 
an Einstein radius of 9e - 5'.'28, meaning that E0454 cannot 
be located at the centre of the dark matter halo of J0454. Even 
stronger evidence comes from the external shear required to fit 
the position of the counter image. About 15% of the shear can 
be attributed to the background cluster MS0451, and about 30% 
to individual galaxies near E0454, but the dominant contribu- 
tion must come from J0454 itself. This can only be explained if 
E0454 is not at the centre of the gravitational potential. If we de- 
scribe the density profile with NEW, then the projected distance 
between E0454 and the halo centre must be at least ~ 120 kpc. 
Whereas such offsets have been shown to be common for other 
groups and clusters (Oegerl e & Hillll200lt Ivon der Linden et alj 
l2007t ISkibba et al.ll201Qi) this has not yet been reported for fos- 
sils. 

An explanation that reconciles all observations is that E0454 
is currently infalling for the first time into the sparse cluster 



J0454, seeding the brightest cluster galaxy. An alternative in- 
terpretation is that J0454 is of filamentary nature, projected 
along the line of sight, and galaxies therein stream towards the 
denser fossil core. Both scenarios explain why the X-ray halo 
appears associated with E0454, has undisturbed isophotes, no 
shock fronts, a low temperature and a velocity dispersion and 
mass that fits a smaller group. This hypothesis is only possible 
because of the presence and properties of the strong lens, ruling 
out that E0454 is at the gravitational centre. Without the lens all 

data would f orm a consistent picture. 

Recently, iLopes de Oliveira et al.l (1201 Ol) have demonstrated 
for the fossil UGC 842 that it segregates into two groups with 
cr,, ~ 220 km s"' each, separated by about 820 km s"'. Contrary 
to J0454 with a comparatively low temperature of 1 . 1 ke V, UGC 
842 shows a, with respect to the velocity dispersion, increased 
temperature of 1.9 keV, which has been interpreted as a sign of 
an advanced interaction or merging state. 

9.1. Future observations 

Our Subaru/Suprime-Cam images are significantly deeper than 
those of any other fossil system investigated so far, reaching 
lOcr-limits of 24.9 in z-band down to 26.6 in B-band. Hence this 
data set could probe the luminosity function ~ 9 magnitudes be- 
low the BGG, provided deep spectroscopic data are available to 
remove objects with very similar redshifts. The existing spectra 
are limited to / < 21.5 mag and complete to only about 40% at 
this depth. Hence we limited our analysis to galaxies with / < 22 
mag. With several hours of exposure time at 4-8m telescopes we 
could push the spectroscopic limit by ~ 2.5 magnitudes, which 
would enable us to present an uncontaminated luminosity func- 
tion extending down to dwarf ellipticals. Numerous of those are 
seen in the data with colours matching that of the red sequence. 
With a better spectroscopic sampling we could remove all line 
of sight contamination and construct a complete red sequence 
down to much fainter magnitudes, and a fairly complete sam- 
ple of blue galaxies. There are also possibilities that we could 
resolve J0454 from a dynamical point of view into members be- 
longing to the fossil component, and into galaxies belonging to 
the sparse surrounding. If both components have indeed separate 
origins, then one could attempt to identify stellar populations of 
different age and composition. 

Significantly deeper X-ray data could be used to better deter- 
mine the offset with respect to the BGG. We could also look for 
temperature variations and changes in the chemical composition 
of the gas, which would tell us more about the different origins 
of the sparse cluster and the infalling group. 

Lastly, deeper space-based observations could double the 
number density of lensed galaxies and we could attempt to ob- 
tain direct evidence for the separation of J0454 and E0454 in the 
mass reconstructions. However, given the aged detectors of the 
HST/ACS instrument this will be a difficult endeavour. 
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Table A.l. Members of J0454, ordered by increasing separation r from E0454. An asterisk (*) behind the object number indicates 
that it was not photometrically selected, but added based on its spectroscopic redshift. Mg and M, are the absolute magnitudes after 
extinction- and k-correction. The morphological classification is based on the HST/ACS data and was done visually. 



No. 



a(2000.0) 



^(2000.0) 



r['] 



B-V V-I 



M, 



z (phot) z (spec) Type 



1 


04 : 


: 54 ; 


: 00.62 


-03 : 


: 08 : 


: 33.8 


2 


04 ; 


: 54 : 


: 01.11 


-03 : 


: 08 : 


: 35.1 


3 


04 : 


: 54 ; 


: 00.63 


-03 ; 


: 08 : 


: 24.8 


4 


04 : 


: 54 


: 00.56 


-03 


: 08 : 


: 20.6 


5 


04 : 


: 53 


: 59.74 


-03 


: 08 : 


: 17.9 


6 


04 : 


: 54 


: 01.17 


-03 


: 09 : 


: 04.0 


7 


04 : 


: 53 


: 59.98 


-03 


: 09 : 


: 09.6 


8 


04 : 


: 54 


: 01.19 


-03 


: 07 : 


: 51.0 


9 


04 ; 


: 54 : 


: 00.26 


-03 : 


: 07 : 


: 47.3 


10* 


04 : 


: 53 : 


: 57.36 


-03 : 


: 08 : 


; 48.7 


11 


04 : 


: 53 : 


: 58.70 


-03 : 


: 09 : 


: 34.5 


12 


04 ; 


: 54 ; 


: 04.84 


-03 ; 


: 08 : 


: 09.6 


13* 


04 : 


: 54 


: 03.72 


-03 


: 07 : 


: 41.4 


14 


04 : 


: 53 


: 57.69 


-03 


: 09 : 


: 31.2 


15 


04 : 


: 53 


: 55.81 


-03 


: 08 : 


: 21.2 


16* 


04 : 


: 54 


: 02.70 


-03 


: 09 : 


: 50.1 


17* 


04 : 


: 54 


: 04.08 


-03 


: 07 : 


: 29.7 


18* 


04 : 


: 54 : 


: 06.30 


-03 : 


: 08 : 


: 38.4 


19 


04 : 


: 53 : 


: 55.20 


-03 : 


: 07 : 


: 52.8 


20 


04 : 


; 53 : 


: 57.70 


-03 : 


: 07 : 


: 09.4 


21 


04 ; 


: 53 ; 


: 55.68 


-03 : 


: 07 : 


: 21.7 


22* 


04 : 


: 54 


: 05.43 


-03 : 


: 09 : 


: 48.3 


23* 


04 : 


: 54 


: 07.82 


-03 : 


: 08 : 


: 24.9 


24 


04 : 


: 54 


: 00.73 


-03 : 


: 10 : 


: 22.6 


25 


04 : 


: 53 : 


: 56.91 


-03 


: 10 : 


: 09.2 


26 


04 : 


: 54 : 


: 04.36 


-03 : 


: 06 : 


: 56.0 


27 


04 : 


: 54 : 


: 06.95 


-03 : 


: 07 : 


: 28.5 


28 


04 : 


; 53 : 


: 54.88 


-03 : 


: 07 : 


; 09.9 


29 


04 : 


; 54 : 


: 08.62 


-03 : 


: 08 : 


: 22.3 


30 


04 ; 


: 53 : 


: 55.39 


-03 : 


: 10 : 


: 11.5 


31 


04 : 


: 53 


: 55.36 


-03 


: 06 : 


: 54.4 


32 


04 : 


: 53 


: 59.49 


-03 


: 10 : 


: 43.8 


33 


04 : 


: 54 


: 00.64 


-03 : 


: 10 : 


: 45.9 


34 


04 : 


: 54 


: 02.35 


-03 


: 10 : 


: 44.2 


35 


04 : 


: 54 


: 00.43 


-03 


: 06 : 


: 20.2 


36 


04 ; 


: 53 : 


: 55.25 


-03 : 


: 06 : 


: 37.8 


37 


04 : 


; 54 : 


: 05.76 


-03 : 


: 10 : 


: 52.1 


38 


04 : 


: 54 : 


: 01.61 


-03 : 


: 05 : 


: 51.9 


39 


04 ; 


: 54 : 


: 06.31 


-03 : 


: 06 : 


: 05.0 


40* 


04 : 


: 54 


: 10.03 


-03 


: 10 : 


: 14.6 


41 


04 : 


: 54 


: 03.81 


-03 


: 11 : 


: 30.1 


42 


04 : 


: 53 


: 56.61 


-03 


: 05 : 


: 39.9 


43 


04 : 


: 53 


: 48.29 


-03 


: 09 : 


: 08.7 


44* 


04 : 


: 54 


: 13.09 


-03 


: 09 : 


: 34.7 


45 


04 : 


: 54 : 


: 14.09 


-03 ; 


: 07 : 


: 58.3 


46 


04 : 


: 53 : 


: 46.78 


-03 : 


: 09 : 


: 24.5 


47 


04 : 


: 54 : 


: 14.76 


-03 : 


: 07 : 


; 42.2 


48 


04 : 


: 53 ; 


: 58.25 


-03 ; 


: 12 : 


: 31.1 


49* 


04 : 


: 53 


: 46.78 


-03 


: 06 : 


: 12.7 


50 


04 : 


: 54 


: 09.42 


-03 


: 04 : 


: 56.6 


51* 


04 : 


: 53 


: 45.16 


-03 : 


: 06 : 


: 43.0 


52 


04 : 


: 53 


: 47.63 


-03 


: 05 : 


: 21.3 


53* 


04 : 


: 54 


: 11.76 


-03 


: 04 : 


: 51.7 


54* 


04 : 


: 54 : 


: 06.07 


-03 : 


: 04 : 


: 05.0 


55 


04 : 


: 53 ; 


: 41.86 


-03 : 


: 08 : 


: 38.1 


56* 


04 : 


: 53 : 


: 41.47 


-03 : 


: 08 : 


: 11.8 


57* 


04 : 


:54: 


: 21.44 


-03 : 


: 08 : 


; 29.0 


58* 


04 : 


:53 : 


: 43.25 


-03 : 


: 05 : 


: 37.3 


59 


04 : 


: 53 : 


: 43.11 


-03 : 


: 05 : 


: 28.5 


60 


04 : 


: 53 


: 57.27 


-03 : 


: 03 : 


: 07.8 


61 


04 : 


: 53 


: 56.15 


-03 


: 14 : 


: 06.3 


62 


04 : 


: 53 


: 58.31 


-03 


: 14 : 


: 14.6 


63* 


04 : 


: 53 : 


: 53.27 


-03 : 


: 03 : 


: 02.5 


64 


04 : 


;53 : 


: 42.20 


-03 : 


: 12 : 


: 14.7 



0.00 16.61 1.65 0.97 -23.23 -24.09 0.31 0.25940 E 

0.11 20.65 1.50 0.91 -19.58 -20.49 0.30 0.26449 SO 

0.14 20.80 1.47 0.85 -19.40 -20.26 0.27 - E 

0.22 19.64 1.57 0.97 -21.02 -21.94 0.31 0.25962 E 

0.34 19.85 1.43 0.91 -20.75 -21.54 0.26 - E 

0.51 19.89 1.52 0.99 -20.58 -21.25 0.31 - SO 

0.61 20.52 1.52 0.86 -19.70 -20.40 0.31 - E 

0.72 21.13 1.41 0.89 -18.63 -19.45 0.28 - E 

0.78 20.44 1.49 0.98 -19.30 -20.24 0.29 - E 

0.85 19.44 1.62 1.10 -20.96 -21.99 0.31 0.26206 Sa 

1.12 20.35 1.37 0.87 -19.59 -20.40 0.26 0.25970 E 

1.12 21.02 1.32 0.79 -18.86 -19.56 0.25 0.25796 SO 
1.16 20.42 1.01 0.72 -19.63 -20.13 0.25 0.26272 Sb 
1.20 21.06 1.51 0.85 -19.03 -19.93 0.28 0.25880 SBa 
1.22 20.34 1.44 0.91 -19.62 -20.52 0.30 0.26158 E 
1.37 21.59 0.64 0.18 -19.25 -19.38 0.22 0.26341 Irr 
1.37 21.41 0.58 0.31 -18.89 -19.03 0.23 0.26476 Sa 
1.41 19.40 1.60 1.07 -20.70 -21.73 0.34 0.25835 Sa 
1.52 19.79 1.56 0.96 -20.10 -21.09 0.31 0.26263 Sa 
1.58 19.09 1.58 0.97 -21.03 -22.02 0.31 0.26018 E 
1.72 19.75 1.57 0.92 -20.39 -21.35 0.29 - SBb 
1.72 20.84 0.85 0.38 -19.58 -19.85 0.26 0.26451 Sc 

1.79 21.63 1.14 0.64 -18.53 -19.08 0.32 0.26333 Sc 
1.81 21.32 1.43 0.91 -18.55 -19.38 0.27 - Sa 

1.84 21.95 1.20 0.73 -18.01 -18.72 0.35 0.26568 SBc 

1.87 21.33 1.39 0.94 -18.55 -19.41 0.26 - Sb 
1.91 19.56 1.51 0.95 -20.98 -21.90 0.30 0.26177 SO 
2.00 21.66 1.31 0.81 -18.43 -19.17 0.34 - Sb 
2.00 19.54 1.51 0.92 -20.47 -21.40 0.30 0.26179 SO 
2.09 21.70 1.37 0.81 -18.14 -18.94 0.25 - SO 
2.11 21.21 1.37 0.79 -18.83 -19.56 0.29 - Sa 
2.18 20.25 1.37 0.89 -20.05 -20.87 0.29 - SBb 

2.20 19.34 1.51 0.97 -20.69 -21.65 0.30 - SO 

2.21 18.56 1.59 1.02 -21.71 -22.69 0.33 - E 

2.22 20.19 1.52 0.98 -19.76 -20.71 0.31 - Sa 
2.35 19.40 1.58 0.94 -20.70 -21.65 0.32 - E 
2.63 21.83 1.32 0.85 -17.95 -18.72 0.22 - Sa 

2.70 20.92 1.39 0.90 -18.98 -19.80 0.31 0.25915 E 

2.85 21.57 1.23 0.87 -18.29 -19.03 0.26 - Sb 

2.88 19.54 1.09 0.91 -20.59 -21.26 0.31 0.26021 Sa 
3.04 21.48 1.42 0.84 -18.56 -19.36 0.25 - SBc 
3.06 19.45 1.51 0.93 -20.74 -21.62 0.29 - E 

3.13 19.98 1.44 0.88 -20.61 -21.46 0.36 0.26410 SBb 
3.26 20.78 1.04 0.74 -19.51 -20.15 0.32 0.26060 Irr 
3.40 18.46 1.60 0.91 -22.06 -23.05 0.30 - SO 
3.56 19.21 1.48 0.86 -21.99 -22.78 0.27 - SO 
3.62 21.04 1.34 0.81 -18.99 -19.69 0.25 - Sa 
4.00 21.01 1.29 0.81 -19.15 -19.95 0.32 - Sb 

4.18 20.87 0.83 0.40 -19.72 -19.96 0.23 0.26221 Irr 

4.23 21.87 1.29 0.78 -18.08 -18.71 0.24 - SO 
4.28 21.08 1.00 0.60 -19.84 -20.21 0.27 0.25720 Irr 
4.56 19.68 1.44 0.89 -20.38 -21.25 0.28 - Sa 
4.62 20.79 1.32 0.72 -19.15 -19.86 0.22 0.26083 SO 

4.68 21.03 0.89 0.41 -19.80 -20.04 0.24 0.26156 Sc 

4.69 19.78 1.28 0.92 -20.48 -21.24 0.30 - SBa 

4.80 20.85 1.07 0.60 -19.50 -19.97 0.26 0.26178 SBb 

5.19 20.61 0.94 0.33 -19.75 -20.05 0.22 0.25968 Sb 

5.24 22.41 1.19 0.97 -17.20 -18.14 0.49 0.25743 E 
5.35 19.45 1.47 0.89 -20.82 -21.68 0.28 - E 
5.49 21.60 1.37 0.83 -18.20 -18.97 0.31 - Sa 
5.65 19.69 1.46 0.93 -20.45 -21.41 0.32 - SO 

5.71 19.58 1.44 0.88 -20.69 -21.54 0.29 - E 

5.81 23.37 0.60 0.30 -16.84 -16.97 0.26 0.25787 Irr 

5.89 19.17 1.58 0.92 -21.16 -22.12 0.30 - SBa 
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Fig.A.l. Logarithmically scaled Subaru/Suprime-Cam BVR image of the central part of J0454. Galaxies with red circles were 
spectroscopically confirmed, and those with yellow circles were photometrically selected. The brightest cluster galaxy (E0454) at 
the centre is left unmarked to show the lensed system. Overlaid in blue is the (smoothed) X-ray emission, diffuse in nature apart 
from the bright point source to the upper left. 



